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Development of an adsorbent that will exclusively adsorb only oxygen (i.e., 
infinite selectivity) has the potential to significantly improve the economics of 
adsorption based air separation, which enjoys a significant market share for 
the production of oxygen and nitrogen from air. Perovskites, also known as 
ABO3 type mixed metal oxides (where A and B are metal ions) are historically 
known to produce a high degree of oxygen deficiency in their structures at 
high temperature. There are indications that this property can be effectively 
utilized to develop the next generation, high temperature adsorbent for air 
separation with practically infinite oxygen selectivity. The emerging 
technologies, particularly the exothermic ones (such as partial oxidation of 
methane to syngas) which require very pure oxygen, can also be greatly 
benefited  from this development due to the flexibility of integrating a high 
temperature fixed sorbent bed with the chemical reactor. Success in this 
direction may have far reaching consequences particularly on the effective 
utilization of fossil fuels and also may contribute significantly towards 
developing a cleaner (green) technology. 
 
The present study was undertaken to examine the effects of A, B substitution 
on oxygen sorption and transport in perovskites. Thermogravimetric analysis 
was used to measure oxygen capacity and uptake rate at various temperatures 
 vii 
and oxygen partial pressures, which are essential for assessing the potential 
for process development. 
 
Perovskite samples of general formula La0.1A0.9CoyFe1-yO3-δ (where A = Ca, Sr, 
Ba; y = 0.1, 0.5, 0.9) were synthesized. For a fixed perovskite composition 
(SrCo0.5Fe0.5O3-δ), samples obtained by carbonate co-precipitation and citrate 
methods of synthesis were compared. While the oxygen capacities of the 
samples from both the methods were comparable, the sample from the citrate 
method showed very slow desorption of oxygen. Synthesis by carbonate co-
precipitation method therefore was adopted for the rest of the study.   Use of 
helium as the carrier gas produced more weight loss (i.e., higher oxygen 
vacancy) in all the perovskites samples than nitrogen. Use of nitrogen as the 
carrier is more realistic from a practical point view. The equilibrium and 
kinetic results presented in this report were all measured with nitrogen as the 
carrier. 
 
Oxygen sorption equilibrium and sorption kinetics were studied in the 
temperature range 500-800 oC using an oxygen-nitrogen mixture at 
atmospheric pressure with the oxygen fraction varying from ~5-50%. 
Desorption kinetics were studied by allowing the equilibrated sample to 
desorb in pure nitrogen.   For a fixed B-site substitution, oxygen capacity 
varied with A-site substitution in the order Sr > Ba > Ca. Further substitution 
of Sr by a small extent with Ag was also studied.  Considering both 
 viii 
equilibrium capacity and sorption-desorption kinetics,   SrCo0.5Fe0.5O3-δ and 
La0.1Sr0.8Ag0.1Co0.5Fe0.9O3-δ were found to be the more promising candidates 
for further investigation.  
 
In order to reconfirm the equilibrium and kinetic data obtained from 
Thermogravimetric analysis, and to better understand the performance of the 
perovskite type adsorbents under process conditions, breakthrough 
experiments in fixed beds were also conducted on the two promising samples 
at 500 OC. The results from two methods were consistent. A numerical 
simulation model was also developed that was able to capture the essential 
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C(c)     - oxygen concentration in the gas phase [mmol/cc] (In chapter 5) 
C0           - oxygen concentration in the feed during adsorption breakthrough 
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Schematic diagram of perovskite structure (Taken from 
Galasso et al., 1990). 
8 
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1.1 Industrial Importance of Enriched Oxygen 
 
The most common issues in chemical, petroleum refining and petrochemical 
industries are (і) availability of lower cost oxygen, (ii) methods for removing 
acid gases, (iii) methods for hydrogen separations, (iv) methods for recovering 
components from dilute gaseous and aqueous streams. Availability of low cost 
oxygen will be beneficial in combustion processes in the chemical, petroleum 
refining, aluminum, steel and glass industries. The advantages of oxygen over 
air as an oxidant are greater thermal efficiency, lower production rate of 
nitrogen oxides, lower volume, which can make the recovery of products or 
removal of contaminants easier, and, in some cases, higher chemical 
efficiencies. Oxy-fuel is more energy efficient because there is no need to heat 
the nitrogen component of air.   
 
With an ever increase in the oil price and with the importance of  the 
conservation of non-renewable energy sources on the agenda, we are left with 
no option other than to tap the renewable alternatives to satisfy the fuel 
requirements. Most of the industries generate their required energy by the 
combustion of hydrocarbon fuel such as oil or natural gas with air as an 
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oxidant. These combustion processes can be enhanced by using pure or 
enriched oxygen stream. High purity oxygen is useful in many commercially 
important processes such as solid oxide fuel cells (SOFC), methane to syngas 
production, etc. This demand for enriched or high purity oxygen has led to the 
search for different process to produce it from air. 
 
1.2 Current Technologies for Air Separation 
               
Air separation is a major chemical engineering process from which nitrogen 
and oxygen are produced. Incidentally, nitrogen and oxygen are the second 
and third most produced chemicals. Besides combustion, high purity or 
enriched oxygen also finds use in chemical processing, steel and paper-making 
applications, waste water treatment, and lead and glass production. Examples 
of high purity nitrogen usage are purging, blanketing, and providing inert 
atmosphere for metal treating and other purposes. 
 
Air can be separated into its components by several techniques. Following 
three are the widely used industrial techniques for separation of nitrogen and 
oxygen from air (Yang et al., 2002). 
(1) Cryogenic distillation by exploiting the difference in the relative  
     volatilities of liquefied oxygen and nitrogen. 
(2) Membrane separation utilizing the difference in solubilities and  
     diffusivities of oxygen and nitrogen. 
 2 
(3) Adsorptive separation using either oxygen or nitrogen selective 
adsorbent. Among these processes, cryogenic distillation is the most developed 
process and advantageous for high purity and large scale production. 
However, high energy consumption makes it inefficient for low to medium 
production scale process. For nitrogen production, membrane process offers 
the best choice at very small scales, while adsorption process is preferred at a 
relatively large scale. For oxygen production, due to economic consideration, 
membrane separation is limited to a single stage process, and therefore the 
purity of oxygen is limited to around 50 mole%. At larger throughputs and 
higher purity, the economic advantage shifts to the adsorption based air 
separation process.  
 
1.3 Development of Adsorbents 
 
For any separation process, the separation is caused by a mass separating 
agent. The mass separating agent for adsorption is an adsorbent (also called 
sorbent) and the performance of any adsorptive separation or purification 
process is directly determined by the quality of the chosen adsorbent. The 
main characteristics of a good adsorbent are (i) good capacity and significant 
selectivity for the preferred component(s) (ii) fast uptake and desorption (ease 
of regeneration). Since N2/O2 ratio in air is approximately 4, much less work is 
needed to separate air by using oxygen-selective sorbent. In the production of 
oxygen, 5A and 13X zeolites have been extensively used. 5A and 13X zeolites 
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are also known as CaA and NaX zeolites, respectively. The typical commercial 
5A zeolite used for oxygen production is made by exchanging ~70% of the Na+ 
in NaA by Ca+2. Type X zeolites with (alkaline earth) divalent cations yield the 
highest N2/O2 selectivity as well as the highest nitrogen capacity at 
atmospheric pressure. The nitrogen capacities on these divalent cation-
containing X zeolites increases due to the higher polarizabilities of these 
cations when compared with the univalent cations. The interaction between 
nitrogen molecules and the cations in A or X zeolite is much stronger than 
that between oxygen molecules and cations. Moreover, nitrogen adsorption 
capacity is much more sensitive to the choice of cation present in the zeolite. 
According to the reported results in the literature (Ralph T. Yang  1997), low 
silicon X zeolite (LSX ; Si/Al ≈ 1) containing cations mixed at about 90% Li and 
10% Sr or Ca are good sorbents for high nitrogen capacity. However, Li-LSX 
with nearly 100% Li exchange is the best sorbent used today for oxygen 
production (Chao et al., 1989).  
 
The nitrogen enrichment is accomplished by kinetic separation due to faster 
diffusion of oxygen in 4A zeolite or carbon molecular sieves (CMS). 4A zeolite 
has been used mainly for enriched nitrogen regeneration in small volume for 
fuel tank blanketing of military aircrafts (Ralph T. Yang 1997). In CMS, O2, 
N2, and Ar isotherms are approximately equal because they all adsorb by Van 
der Waals interaction, and their polarizabilities are approximately the same 
(Chao et al., 1989).  CMS has narrow pore size distribution and critical 
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micropore size is around 4Å, which is very important in separating gas or 
liquid molecules with very close molecular size. Generally, the surface area of 
carbon molecular sieve is in the range of 250~1000 m2/g and the micropore 
volume is about 0.15~0.25 cm3/g.  CMS differs from activated carbon mainly in 
the pore size distribution and surface area. Activated carbon has a broad 
range of pores, with an average pore diameter typically 20Ǻ.  
 
1.4 Limitations of Adsorptive Air Separation 
 
Adsorptive gas separation has become a major unit operation in the chemical 
and petrochemical industries. This growth has taken place in the last 35 years 
and is the result of a series of scientific and engineering achievements, 
initiated by the development of synthetic zeolites and Pressure Swing 
Adsorption (PSA) cycles (Shimanoe et al., 1984). PSA air separation processes 
are either equilibrium or kinetically controlled. The major components of air 
are oxygen and nitrogen. Selective adsorption of one of them should result in 
the enrichment of the other component. Stronger equilibrium affinity for 
nitrogen in zeolite adsorbents is used to selectively remove this component 
over oxygen from air to produce an oxygen enriched raffinate product. But the 
zeolite adsorbents are non-selective to oxygen and Argon. Hence, this may 
result in decrease in oxygen purity and necessitates secondary treatment to 
achieve higher purity. Slower diffusion of nitrogen molecules in the 
micropores of carbon molecular sieves (CMS) adsorbent results in preferential 
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adsorption of oxygen over nitrogen which results in a nitrogen enriched 
raffinate stream. Moreover, the best achieved adsorbent selectivity (∼10) 
between oxygen and nitrogen is still far from what would make a PSA air 
separation process competitive with cryogenic distillation beyond medium-
scale operation.  Furthermore, both classes of adsorbents are susceptible to 
the presence of trace impurities in the feed, such as moisture, carbon dioxide, 
etc. Hence the development of an adsorbent that will exclusively adsorb only 
oxygen (i.e., infinite selectivity) has the potential to revolutionize the 




The vast majority of catalysts used in modern chemical industry are based on 
mixed metal oxides. Among mixed metal oxides, perovskite type oxides are 
prominent. Historically, the initial interest of perovskites was shown in the 
mid 70s and was mainly focused on their application as catalyst for removal of 
exhaust gases. However, the motivation decreased, since the perovskites are 
more prone to sulphur dioxide poisoning when compared with noble metals. 
Although perovskite materials have not yet found an application as 
commercial catalysts, their study is important to correlate solid state 
chemistry with catalytic properties.  Perovskites are a large family of 
crystalline ceramics that derive their name from a specific mineral known as 
perovskite (CaTiO3) due to their crystalline structure. The mineral perovskite, 
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which was first described in the 1830s by the geologist Gustav Rose, who 
named it after the famous Russian mineralogist Count Lev Aleksevich von 
Perovski, typically exhibits a crystal lattice that appears cubic, though it is 
actually orthorhombic in symmetry due to a slight distortion in the structure 
(Pena et al., 2001).   
 
Members of the class of ceramics dubbed perovskites all exhibit a structure 
that is similar to the mineral of the same name. Their properties which 
depend upon their preparation methods and the fact that they can be tailored 
for specific catalyst increase the importance of these oxides as prototype 
models for heterogeneous catalysts. Moreover, 90% of the metallic natural 
elements of the periodic table are known to be stable in a perovskite type 
oxide structure and also help in realizing the possibility of synthesizing multi 
component perovskites by partial substitution of cations in positions A and B, 
thus giving rise to substituted compounds with formula that are related to the 
stability of mixed oxidation states or unusual oxidation states in the crystal 
structure.  
 
The characteristic chemical formula of a perovskite ceramic is ABO3, with the 
A atom exhibiting a +2 charge and the B atom exhibiting a +4 charge. A is the 
larger cation and B is the smaller cation. In this structure, the B cation is 6-
fold coordinated and the A cation is 12-fold coordinated with the oxygen 
anions. As shown in Figure 1.1, the most incredible thing about this type of 
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oxides is their very special and open crystal structure, having sufficient 
number of oxygen deficient lattice sites, which are normally created when 
either A site cation is partially substituted (or doped) by a cation with lower 
oxidation state or B site (without disturbing its cubic structure) cation 





O2   




Figure 1.1 Schematic diagram of perovskite structure (Taken from Galasso et  
       al., 1969). 
 
This makes them oxygen ion conductors, where the oxygen ion “moves” from 
one lattice site to another by a thermally activated vacancy diffusion 
mechanism, generally known as “thermal hopping” (Rege and Yang, 1997).  
 
Keller et al. (1987) reported that the oxide ion conduction imparts very high 
oxygen permeance and infinitely large selectivity for oxygen. This unique 
property has been subjugated to develop oxygen permeable dense ceramic 
membrane for high temperature air separation by suitable selection of A and 
 8 
B cations and extent of substitution by other metal ions. All these studies 
have reported high temperature and mechanical stability of perovskite 
membranes (in lab scale) in oxidizing as well as in reducing atmospheres. The 
rate of oxygen permeation was shown to be dependent on the membrane 
thickness and the oxygen permeability was shown to increase with increasing 
temperature and oxygen partial pressure gradient. The nature of the cations 
in A and B sites and the extent of their substitution are critical factor in their 





(Ba, Sr, Ca) 
(Fe, Co) 








Figure 1.2 Schematic structures of perovskite (a) cubic structure of ABO3, (b) 
(b) 
       cubic structure with oxygen defects (Taken from Kiyoshi et al.  
       2002). 
 
 
Partial substitution of A site by another ion having lower  oxidation state may 
induce important changes in stability and may favourably influence the 
oxygen  permeation through the lattice as well (Tsai et al., 1998). Apart from 
the relative size factor of different anion and cations required to stabilize its 
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cubic structure, the charge neutrality condition has also to be fulfilled i.e., the 
total charge of A and B site cations should be enough to neutralize the total 
charge of three oxygen ions. For example, if A and/or B-sites are substituted 
with lower valent cations (with Fe or Co at A-site and with Ba or Sr at B-site), 
both of which contain trivalent cation, some oxygen ions are removed from the 
lattice to maintain charge neutrality condition and this removal leads to the 
creation of oxygen vacancies (non-stoichiometry) in the structure as shown in 
Figure 1.2.   
 
1.6 Importance of Perovskite Oxides 
 
The thermochemical stability vis-a-vis mechanical stability of the perovskites 
membrane under oxygen-rich and oxygen-lean conditions, the formation of 
hot-spots during exothermic reaction and subsequent reaction runaway due to 
higher oxygen diffusion through those spots, the scaling up of membrane with 
film uniformity for actual commercial application, etc. are some of the major 
issues that need to be addressed before perovskite membrane can be regarded 
as a potential high temperature membrane for various industrially important 
processes. Some of the difficulties can be easily overcome if perovskites can be 
used as a high temperature sorbent instead of a membrane. Though operating 
a sorbent at high temperature may at first seem energetically unsuitable, for 
some high temperature processes like oxidative coupling of methane (OCM), 
solid oxide fuel cells (SOFC), high temperature combustion, etc. the waste 
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heat of the flue gas can maintain the required temperature of the sorbent bed. 
Moreover the oxygen enrichment at high temperature for those processes is 
expected to contribute combustion efficiency as well as substantial reduction 
in the NOx related pollution problems. One of the major advantages of this 
perovskite oxide is at elevated temperatures, the structure develops oxygen 
deficiency. This property can be exploited towards selective removal of oxygen 
from mixture of gases. Infinite selectivity for oxygen, large sorption capacity 
and fast sorption rate are the main important characteristics of these new 
type of adsorbents. Air separation by using these adsorbents may make the 
process simple, efficient and economically competitive because two products 
nitrogen and oxygen with high purities can be produced at higher 
temperatures. 
 
1.7 Project Scope and Objectives 
 
There are several reports in the literature on the synthesis and 
characterization of perovskites and their use as catalysts (Teroka et al., 1984). 
Dedicated reports on the use of perovskites as adsorbents are very few. This 
provides additional incentive for carrying out a systematic study of gas 
adsorption and transport in these materials. As already mentioned, the 
unique properties of these new adsorbents are development of non 
stoichiometry in the structure at elevated temperatures and infinite 
selectivity for oxygen over nitrogen. The primary reason for considering of this 
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new group of adsorbents for air separation at higher temperatures is their 
considerably large change in nonstoichiometry in the structure over a very 
narrow range of temperature and oxygen partial pressure. Air separation 
taking place at higher temperatures on these adsorbents is based on the non-
stoichiometry, which increases with temperature in the absence of oxygen, 
while oxygen sorption occurs with increase in oxygen partial pressure. 
 
 Perovskites also show strong structural stability at higher temperatures 
(Mizusaki et al., 1985, 1989) in both oxidizing and reducing environments. The 
above results provide direct support that it is indeed possible to develop 
perovskites as a high temperature, highly selective oxygen sorbent. This 
prompted us to undertake the present study with the following objectives.  
 
1) Conduct Thermo-gravimetric Analysis (TGA) to demonstrate oxygen 
capacity, oxygen uptake and vacancy creation, rates and the 
temperature levels at which these activities are triggered. 
2)  Screening a range of perovskite adsorbents to identify suitable 
composition for selective oxygen sorption. 
3) Study oxygen sorption in a Dynamic Column Breakthrough (DCB) 
apparatus to validate the TGA results. 
4)  Experimentally investigate the parameters influencing oxygen sorption 
equilibrium and uptake. 
 12 
5) To identify suitable models to explain the observed trends in oxygen 
equilibrium and breakthrough results for those promising candidates. 
 
TGA study of oxygen sorption-desorption was carried out between an oxygen 
rich atmosphere (oxygen uptake) from oxygen-nitrogen mixture containing 5-
50% oxygen and an inert atmosphere (oxygen desorption) in the temperature 
range 500-800 oC. These results were used to find appropriate sorbents with 
large sorption capacity, and fast sorption and desorption rates. Towards this 
aim, oxygen nonstoichiometry, i.e., oxygen adsorption equilibrium and kinetics 
were measured and analyzed by TGA. 
 
Oxygen sorption experiments on selected perovskite adsorbents were also 
conducted in a fixed bed. DCB method is one of the prominent methods to 
determine equilibrium and kinetics of adsorption. In this analysis, by using 
different feed compositions, a series of breakthrough curves were generated. 
From these breakthrough curves, mean residence time of the adsorption 
process was measured, from which sorption capacity of adsorbent was 
calculated. Like in the TGA study the feed concentration was also over a range 
of 5% to 50% oxygen mixed with nitrogen.  
 
The experimental results and theoretical study reported in this dissertation 
are of relevance to process design.  
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1.8 Thesis Structure 
 
This thesis is divided into 6 chapters and two appendices. A review of the 
available literature on the structure and synthesis of perovskite type oxides, 
and on studies concerning gas adsorption in these novel adsorbents is 
presented in Chapter 2.  Chapter 3 deals with the experimental techniques 
and procedures. Findings from TGA experiments oxygen equilibrium capacity 
and adsorption-desorption measurements in several perovskite samples are 
detailed in Chapter 4. Chapter 5 deals with dynamic column breakthrough 
experiments and the development of a simulation model to analyze the 
breakthrough results. Conclusions from all the experimental measurement 
and modeling exercises are described in Chapter 6. Recommendations for 
further research are also made in this chapter. Sample calculations related to 
material synthesis are shown in Appendix 1 and the experimental 
breakthrough data are compiled in Appendix 2.  
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CHAPTER 2 
                                     LITERATURE REVIEW 
 
2.1 Perovskite Oxides 
 
A group of metal oxides with an empirical formula ABO3, (where A & B are 
metal ions) derive their name from the mineral “perovskite”. The perovskite 
structure is known for a range of compounds which include metal oxides, some 
complex metal halides, and few metal carbides and nitrides. Among the mixed 
metal oxides, perovskite-type oxides remain prominent. The structure of these 
oxides (ABO3) was first thought to be cubic and although it was later found to 
be orthorhombic, the name perovskite has been retained for this structure 
type.  The truly cubic form of this material is referred to as “ideal perovskite”, 
and has a unit cell edge of 4Å containing one ABO3 unit. Perovskites are ABO3 
type mixed metal oxides and are historically known to produce high degree of 
oxygen deficiency in their structures at high temperature. 
 
Few perovskite materials have this structure at room temperature, but many 
assume this structure at higher temperatures (Galasso et al., 1969). The 
perovskite structure possesses a very high degree of compositional flexibility 
which allows it to accommodate a wide variety of A and B cations, and is also 
tolerant to large concentrations of both oxygen and cation vacancies. In some 
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complex compositions the A and B sites can be occupied by more than one 
cation species (A1-xA'xB1-yB'yO3). In the case of the B sites, this can involve 
cations of more than one element (chemical variation), or different oxidation 
states of the same element (charge variation).  
 
In the general formula ABO3, A is the larger cation and B is the smaller 
cation. In the structure, the B-cation is 6-fold coordinated (octahedral array) 
and the A-cation is 12-fold coordinated (cubooctahedra) with the oxygen 
anions. Perovskite oxides usually have a cubic lattice structure with the A- 
cation in the center, eight A cations at the corners and 6 oxygen anions in the 
face center of the cubic structure (Yang et al., 2002). Figure 2.1 shows the 
simple cubic structure emphasizing the coordination environment about the A- 
cation and Figure 2.2 shows the alternate representation, the coordination 
environment about the B-cation (Chandler et al., 1993). In the Face Centered 
Cubic (FCC) structure, the A-cations are located at the corners while the O 
atoms are on the faces. The B-cation is in the centre of the unit cell. 
 
Perovskite is one of the most important structure classes in material science 
due to its plethora of exceptional physical and chemical properties and also 
due to its varied structure and composition. This has advantages in 















Figure 2.1 ABO3 ideal perovskite structure showing oxygen octahedron         
containing the B ion linked through corners to form a tri-di- 




                  (b)                                                                                 (a) 
 
 
Figure 2.2.  (a) Structure of ABO3, emphasizing the coordination number of           
the A cation at the body center. (b) Structure of ABO3, 
emphasizing the octahedral environment of the B cation 
(From Chandler et al., 1993). 
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 The physical properties of the perovskite-type materials, such as ferroelectric, 
dielectric, pyroelectric, and piezoelectric behaviour, will depend on the cation 
ordering, anion vacancies and changes in the structural dimensionality. In 
addition to these physical properties, they exhibit several important chemical 
properties such as catalytic activity and oxygen transport capability. The 
catalytic activity covers reactions such as CO oxidation, NO reduction, CO and 
CO2 hydrogenation, SO2 reduction, and various electro-photocatalytic 
reactions (Twu and Gallagher, 1993). These materials have been studied 
intensively for their possible applications in oxygen permeation membranes, 
solid oxide fuel cells, oxygen sensors, oxygen sorbents in gas purification and 
separation processes, as catalysts in heterogeneous reactions superconductors, 
insulators, gas sensors dielectrics, and as magnetic materials (Qiu et al., 1995). 
Some of the examples of applications in various fields are given in Table 2.1 
(Twu and Gallagher, 1993).  
 
The applications of these materials are based on their dielectric, ferroelectric, 
piezoelectric, and pyroelectric properties. All ferroelectric materials are both 
pyroelectric and piezoelectric and they have additional uses based on these 
properties. The application of ferroelectric materials enables to utilizing their 
ability to have their polarization reversed (switched) for memories as well as 
their nonswitching uses and high dielectric constant at or near critical 
temperature, Tc (Teroka et al., 1985). Although typically the perovskite 
crystalline lattice is cubic, in some instances changes may be induced in the 
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structure. For example, the central Ti cation of barium titanate (BaTiO3 
Multilayer capacitor) can be stimulated to shift to an off-center position, 
resulting in an electrostatic dipole as well as structural symmetry that is not 
cubic, in which the positive and negative charges align toward opposing ends 
of the structure. The existence of this dipole is accountable for the ferroelectric 
attributes exhibited by barium titanate. This compound as well as other 
familiar perovskites, such as CaTiO3 and SrTiO3, may achieve impressive 
dielectric constants, which makes them well suited for use in capacitors, 
components in electric circuits that temporarily store energy. The capacity of 
these devices can be greatly increased through the inclusion of a solid 
dielectric material. Due to the fact that some ceramics are readily transformed 
into extremely effective dielectrics, it is estimated that more than 90 percent 
of all capacitors produced contain ceramics, such as perovskites.   
 
Some perovskites display good performance as cathode materials in high 
temperature fuel cells. Solid oxide fuel cells (SOFCs) have recently attracted 
considerable interest as highly effective systems, with efficiencies ranging 
from 50-65% and environmentally acceptable sources of electrical energy 
production (Huang et al., 1998; Weston and Metcalfe, 1998; Doutvarzidis et 
al., 1998). Good candidates for the cathode are perovskite oxides based upon 
LaCoO3, particularly those substituted with Sr and Fe on the A- and B-sites, 
respectively (Dionissios et al., 2000). A representative electronic conductor is 
the La1-xSrxMnO3 type perovskites that have been extensively used as 
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cathodes in ZrO2 based SOFCs (Kuo et al., 1990; Rosmalem et al., 1990). Tu et 
al., (1999) prepared Ln0.4Sr0.6Co0.8Fe0.2O3-δ (Ln= La, Pr, Nd Sm, Gd) 
perovskites and found semiconductor like behavior at lower temperatures and 
metallic conduction at higher temperatures. 
 
Table 2.1 Various applications of perovskites and the corresponding chemical  
     formulae (Tejuca et al., 1993).  
 
              Application 
 
     Multilayer  Capacitor 
    Piezoelectric Transducer 
    Thick film Resistor 
    Super Conductor 
    Switch 
    Dielectric Resonator 
    Magnetic Bubble Memory 




Pb (Zr, Ti) O3 
BaRuO3 






The development of photocatalyst with visible-light response has also been 
studied extensively from the viewpoint of the utilization of solar light energy. 
Perovskite type oxide AgTaO3 exhibited photocatalytic activity for pure water 
by splitting water into H2 and O2 under UV-light irradiation AgNbO3 oxide is 
used as a new visible-light-driven photocatalyst possessing the ability to 
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evolve H2 or O2 from water in the presence of sacrificial reagents (Hideki et 
al., 2002). 
 
2.2 Preparation of Perovskite Oxides 
 
Perovskites are extensively used as catalysts in many catalytic processes. A 
robust synthetic approach is required to produce a good catalytic material 
with high surface area in order to maximize their participation and activity in 
chemical reactions. Traditional ways of making perovskite materials usually 
involve mixing the constituent oxides, hydroxides, and/or carbonates. 
However, since these materials generally have a large particle size, this 
approach frequently requires repeated mixing and extended heating at higher 
temperature to generate a homogeneous and single phase material. However, 
the main disadvantage lies in low surface area and limited control of the 
micro-structure inherent in the high temperature process. Also the classical 
solid-solid mixing method generally requires very high temperature (1300-
1500 K) for perovskite phase formation and leads to coarse grains having very 
low surface area (2-4 m2/g).  
 
To overcome above mentioned problems, precursors generated by sol-gel 
preparations or coprecipitation of metal ions by precipitating agents such as 
carbonate, citrate, cyanide, oxalate ions are used. This is because during the 
course of continuous heating and decomposition, these precursors offer near 
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molecular mixing and reactive environment. The co-precipitation methods 
using different precipitation agents and citrate methods require lower 
calcination temperature (<1100K) and offer higher purity, better control of 
stoichiometry, enhancement in ability to control particle sizes, high 
crystallinity and higher surface area (up to 20 m2/g).  Sophisticated techniques 
like spray drying and freeze drying may produce still higher surface area 
(Pena and Fierro, 2001).  
 
The choice of a particular synthesis technique basically depends on the 
expected application of these oxides since the porous texture of the powdered 
samples is strongly dependent on the preparation method (Gregg and Sing, 
1952). The high crystallinity and higher surface area have been well exploited 
in relation to catalysis, where the higher catalytic activity (generally for 
oxidation reaction) has been linked to the higher specific surface area of the 
perovskite oxide, which also has an impact on the sorption capacity.  
 
However, classical methods used to synthesize perovskite oxides such as solid-
solid reaction and carbonate co-precipitation, yield oxides with low surface 
area (< 2m2/g) (Banerjee and Choudhary, 2000). The reason for such a low 
surface area was found to be the sintering of the perovskite oxide at the high 
synthesis temperature. Furthermore, sintering also causes the deactivation of 
the perovskite oxide which in turns affects the catalytic performance of the 
oxide. Banerjee and Choudhary (2000) successfully developed two methods to 
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increase the surface area of the synthesized perovskite oxide. These methods 
involve hydrothermal treatment of the perovskite oxide either with water 
under autogenous pressure or with steam under atmospheric pressure. When 
water under autogenous pressure was used, the reaction was carried out in a 
closed stainless steel bomb for 4 hours. When steam under atmospheric 
pressure was employed, the reaction was carried out in a conventional quartz 
reactor and a mixture of steam and nitrogen was passed over the perovskite 
oxide. The hydrothermally treated oxides were then further calcined at 600 oC 
for one hour. The results of their experiments showed that the hydrothermal 
treatment did not affect the structure of the perovskite oxide. In addition, they 
found that both hydrothermal treatment methods increased the surface area 
of the oxides (LaCoO3 and LaMnO3). Also the effect of water treatment under 
autogenous pressure was most significant. Lastly, they had also found that 
the higher the temperature (severity) of the water treatment process, the 
larger was the surface area of the perovskite oxide obtained (Banerjee and 
Choudhary, 2000). The higher surface area is also expected to provide larger 
area for oxygen flux. 
 
2.3 Nonstoichiometric Oxygen Vacancy Creation 
 
The chemical composition of perovskite oxides can vary depending on the 
valency of the cations. To maintain electronic neutrality, the sum of charges of 
A and B equals the total charge of oxygen anions. This is attained by 
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appropriate charge distribution of the ABO3 form. The following combinations 
can be formed i.e. A1+B+5O3, A2+B+4O3, A3+B3+O3. An important characteristic 
of these open crystal structure type oxides is the presence of sufficient number 
of oxygen deficient lattice sites. These lattice sites are normally created when 
either the A-site cation is partially substituted (or doped) by a cation with 
lower oxidation state or when the B-site cation possesses variable oxidation 
states.  
 
As is reported in the published literature (Yang et al., 2002; Anderson, 1992; 
Lin and Wang, 1994), when an alkaline earth metal (e.g. Sr) is substituted 
into the A-site, oxygen vacancy (oxygen non-stoichiometry) is created in the 
perovskite oxide. This is because when the divalent alkaline earth metal is 
added into the A-site of the perovskite structure, which contains a trivalent 
cation (e.g. La), there is a decrease in the positive charge in the structure. 
Therefore, in order to maintain charge neutrality, oxygen ions must be 
removed from the perovskite structure and this removal leads to the creation 
of oxygen vacancies (Lin and Wang, 1994). B-site substitution by cations with 
lower valance also creates oxygen vacancies (Khromushin et al., 2003).  
 
The process of creating oxygen vacancies by B-site substitution is similar to 
that explained for A-site substitution. For an ordered perovskite oxide 
structure, when the charge of the substituted B-cation (B-) is different from 
that of the cation in B-site, the oxygen ions the structure will be slightly 
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shifted towards the more charged cations even though the octahedral 
symmetry of the B and B- cations is preserved. This distorted structure will 
exist at room temperature but will be transformed to the cubic perovskite 
oxide structure at high temperature (Anderson, 1992). Although B-site 
substitutions are able to create oxygen vacancy, they are used mainly for the 
enhancement in the formation of oxygen vacancy in the A-sites due to stronger 
B-O bonding than the A-O bonds (Lin and Wang, 1994).  
 
Perovskite oxides could also exhibit a situation whereby there is excess oxygen 
in the structure or is known as oxygen excess non-stoichiometry (Pena and 
Fierro, 2001). However, this situation is not as common as compared to the 
anion deficient non-stoichiometry (oxygen vacancies). This is because the 
introduction of interstitial oxygen into the perovskite structure is 
thermodynamically unfavorable. Despite this fact, there are still several 
perovskite oxides that display oxygen excess non-stoichiometry. These 
perovskite oxides are LaMnO3+λ, Ba1-λLaλTiO3+λ/2 and EuTiO3+λ. In a review, 
Pena and Fierro (2001) explained that for LaMnO3+λ perovskite oxide, oxygen 
excess occurs because the oxygen is accommodated by the vacancies in the A 
and B sites and with partial elimination of Lanthanum (La) as Lanthanum 
oxide (LaO3). Through the use of neutron diffraction analyzer, they further 
confirmed that the oxygen is added into the Lanthanum sites (A-site) (Pena 
and Fierro, 2001).  
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An important characteristic of perovskite oxides is their susceptibility to 
partial substitution in both A and B positions. Because of the wide range of 
ions and valences which this simple crystal structure can accommodate, the 
perovskites lend themselves to chemical tailoring. The number of oxygen 
vacancies in the perovskite oxide structure is affected by a few important 
factors. Onuma et al. (2004) used two different A-site doped perovskite oxide 
samples having a formula of La1-xAxCrO3-δ to investigate the influence of the 
type and concentration of the dopant on the number of oxygen vacancies. They 
used two alkaline earth metals, Sr and Ca, in their study both of which are 
divalent. They observed that more oxygen vacancies were created when the 
amount of strontium or calcium in the sample was increased. This corresponds 
to the findings by Yang and Lin (2005) in which the increment of strontium 
resulted in an increase in the oxygen vacancies in their perovskite oxide 
samples. Onuma et al. (2004) also observed that there is no noticeable 
difference in the number of oxygen vacancies created when the same amount 
of strontium and calcium is substituted into the perovskite oxides. Hence, they 
inferred that the generation of oxygen vacancies is dependent on the 
concentration when the dopants are of same valency.  
 
Vogel et al. (1997) reported that the composition of perovskite-type oxides 
deviate in many cases from stoichiometry, which is associated with 
decomposition of A and B precursors, when synthesized at very high 
temperatures, usually above 900 K. In the course of complex solid-state 
 26 
transformations, isolated AOx and BOx oxides can be formed, which then react 
completely to form a single ABO3 phase. Perovskite-related compounds have 
demonstrated a wide range of oxygen-nonstoichiometry. This property 
determines the vacancy content of the materials which can affect the catalytic 
performance and electrical properties. The degree of nonstoichiometry (δ) 
depends upon several parameters such as oxygen partial pressure, calcination 
temperature and substitution of metal ions of different valencies. Dionissios et 
al., (2000) reported that the degree of nonstoichiometry increases with 
increasing temperature, decreasing oxygen partial pressure and in lanthanum 
strontium cobaltite perovskites δ will increases with increasing Sr or Co 
content. 
 
2.4 Effect of Doping on Properties of Perovskite Oxides 
 
As reported in literature (Liang Tan et al., 2004), the rate limit of oxygen 
permeation (through perovskite membrane) could be the surface exchange or 
the bulk diffusion. By coating a thin perovskite film on porous support, higher 
oxygen permeation flux can be obtained in case of bulk diffusion (reducing the 
membrane thickness) whereas in case surface exchange, the oxygen 
permeation flux could hardly be increased by reducing the membrane 
thickness. Kharaton et al. (2002) suggested that the only way to improve the 
rate of surface exchange between O2 and O- is surface modification. As one of 
the commonly used techniques, doping (substitution) could be the feasible 
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way, if the doping material could increase the surface exchange rate of the 
membrane (Liang et al., 2004). Yang et al. (2002) reported that oxygen 
deficiency can be further increased by varying both A and B-site cations 
simultaneously in the perovskite structure substituting (doping) either 
partially or fully by alkaline earth metals and other transition elements, 
respectively. This would give rise to a perovskite oxide having a formula:  
A1-xAx-B1-yBy-O3. These substituted cations (A- and B-) in the perovskite oxide 
structure, which have a lower valence electrons than the A and B cations, will 
impart some specific physio-chemical properties to the perovskite oxide. This 
is the unique and special property which makes perovskites promising as 
adsorbents for separation of oxygen and nitrogen, and also act as conductors 
with the oxygen ions shifting from one lattice site to another by thermally 
activated vacancy diffusion.  
 
In developing a catalyst for combustion of methane, doped (partially 
substituted) perovskites (AxA'1-xByB'1-y) show good catalytic activity and 
catalytic properties (Choudhary et al., 2002). These can be potential anode 
materials for solid oxide fuel cells (Kruidhof et al., 1993). However, during 
substitution (doping) of the perovskite oxide, the importance of maintaining 
charge neutrality in the whole perovskite structure is very important i.e., the 
sum of the charges of A, A-, B and B- must equal that of the total charge of 
oxygen anions. The cation in the B-site is also known to be responsible for the 
thermal stability of the perovskite oxide, thus allowing this material for use in 
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a high temperature environment. Yang and Lin et al. (2005) have shown that 
a fully A-site doped perovskite oxide is stable at high temperature for an iron 
concentration range of 0.2-1 (y = 0.2-1) at the B-site. These results coincide 
with the findings by Kusaba et al. (2002) who undertook a detailed study to 
show that SrCo1-yFeyO3 oxide has a perovskite structure for iron content 
within 0.4-0.8 and brownmillerite-like structure at iron content of 0 or 1, 
respectively. Kusaba and coworkers (2002a) had also experimentally shown 
that perovskite oxide having a brownmillerite-like structure does not adsorb 
oxygen. They explained that in a brownmillerite-like structure, the oxide-ion 
vacancies are ordered and stabilized, which lead to no oxygen molecules being 
adsorbed onto the structure. In addition, they have also demonstrated via 
SrCo1-yFeyO3-δ oxide that, with an iron content > 0.4 (perovskite structure), it 
exhibits strong reversibility for oxygen sorption and desorption. 
 
The oxygen vacancies in perovskite structures, which are enhanced by the 
multivalent site cation substitution, make perovskite oxides suitable 
candidates for the adsorption of gaseous oxygen (Kusaba et al., 2002b). 
Oxygen molecules are adsorbed onto the perovskite oxide via the oxygen 
vacancies. Hence, the number of oxygen vacancies determines the sorption 
capacity of the perovskite oxide. Yang and Lin (2005), using another 
perovskite oxide having a fully doped A-site by strontium ions (SrCo1-yFeyO3-δ) 
in their experiments, also observed the structural transition phenomenon over 
a temperature range from room temperature to 1000 oC when the iron content 
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was below 0.2. The use of iron for B-site substitution is also well practised and 
preferred. This is because the Fe ions enhance structural stability of the 
perovskite oxide. High structural stability implies that the perovskite oxide 
can maintain the same crystal structure (perovskite structure) over a wide 
range of operating conditions. High iron ion content also exhibits reversibility 
for the sorption-desorption process (Yang et al., 2003b).  
 
Apart from these Sr and Fe, for a perovskite sample (SrCo0.8Fe0.2O3-δ-SCF) 
doped with a different amount of Ag cation, Liang et al., 2004 observed that 
the doping of Ag increases the formation of perovskite structure and found 
that the effect of doped Ag on the phase transition between brownmillerite 
and perovskite was negligible. The oxygen permeability of the Ag-doped SCF 
membrane is mainly influenced by both the reduction of the oxygen vacancy 
concentration and the improvement of the surface exchange, which depends on 
the content of the doped Ag. Moreover, they concluded that the doping of Ag 
can increase the surface exchange rate of SCF membrane which will give 
higher permeation flux. Kharaton et al. (2002) observed that the oxygen 
permeation flux of the La0.3Sr0.7CoO3-δ membrane, whose surface was modified 
with Ag, was higher than that of unchanged (undoped) La0.3Sr0.7CoO3-δ 
membrane. Therefore, Ag cation can be preferred as a doping element in the 
place of A- and B-sites to further increase vacancy creation rate as well as 
surface exchange rate. 
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2.5 High Temperature Sorption Process 
 
At elevated temperatures, oxygen nonstoichiometry (oxygen content) of 
perovskite type oxides changes with temperature and ambient oxygen partial 
pressure. This is the basis for the high temperature oxygen sorption process. 
Within a certain range of temperature and oxygen partial pressure, the 
change of the oxygen nonstoichiometry does not affect the perovskite 
structure, and the change of the oxygen content in the material is reversible 
(Yang et al., 2003a). Many of the physical properties of transition metal 
perovskite type oxides, including oxygen transport properties are related to 
the extent of oxygen nonstoichiometry, which depends on temperature and 
oxygen partial pressure.  
 
High temperature oxygen vacancies in perovskites are believed to have a 
tendency to be disordered. Such order-disorder transitions may have some 
effect on oxygen permeability (Kruidhof et al., 1993). Thermodynamic 
equilibrium of defect reaction between the gas phase oxygen and solid oxide 
determines the nonstoichiometry of the perovskite type oxides and the basic 
properties of the metal ions, such as size and chemical activity, determine the 
temperature and partial pressure of oxygen range for the stability of 
perovskite structure (Tejuca et al., 1998). It has already been mentioned that 
besides the dopant concentration, the experimental temperature and oxygen 
partial pressure also influence the number of oxygen vacancies (Kusaba et al., 
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2002; Yang et al., 2003, 2005; Onuma et al., 2004). From the experiment data 
obtained by Yang and Lin (2005), it can be clearly seen that an increase in 
temperature would create more oxygen vacancies in the perovskite oxide.  As 
for the effect of the partial pressure of oxygen on the number of vacancies, a 
decrease in the partial pressure results in increase in the number of oxygen 
vacancies (Yang et al., 2003).  
 
Perovskite oxides doped with strontium in the A site were shown by many 
researchers to be best candidates for capturing oxygen (Kusaba et al., 2002; 
Yang et al., 2003). For example, Kusaba et al used a perovskite oxide, which 
had the A site fully substituted with strontium and B site partially 
substituted with iron (SrCo0.4Fe0.6O3-δ), for the study of oxygen sorption 
properties under pressure swing conditions. From their experiment, they 
found that the perovskite sample SrCo0.4Fe0.6O3-δ  exhibited the best sorption-
desorption properties between 300 and 500 oC under temperature swing 
conditions. Moreover, the perovskite oxides used by Yang et al. (2003) 
(La0.1Sr0.9Co0.5Fe0.5O3-δ and La0.1Sr0.9Co0.9Fe0.1O3-δ) also showed high sorption 
capacities and high selectivity towards oxygen for an oxygen/nitrogen feed gas 
mixture. The addition of strontium into the perovskite oxide structure also has 
other benefits besides those mentioned above. 
 
 Yang et al. (2003) found that by increasing the strontium content, the oxygen 
non-stoichiometry of the perovskite oxide became more sensitive to 
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temperature and/or oxygen partial pressure.  The study of phase transition in 
perovskite type oxides is of practical interest, because these materials possess 
high electronic and oxygen ion conductivity and have a great potential for 
their use in membranes and catalysis (Choudhary et al., 2002). Liu et al. 
(1996) studied the phase change of perovskite type oxide (SrCo0.8Fe0.2O3-d) as 
function of temperature and oxygen partial pressure over a range of 550-900 
oC  and 0.015-1 atm, respectively, by thermogravimetric analysis and they 
observed the two phases i.e., perovskite and brownmillerite.  
 
Kokhanovskii et al. (2001) in their study with perovskite SrCo1-xFexO3-δ 
(0.1<x<0.9), observed that the sequence of phase transition is from perovskite 
to brownmillerite to high temperature perovskite in their thermogravimetric 
analysis over a temperature range of 400-900 oC. Yang and Lin (2005) 
reported about the phase diagram of lanthanum substituted perovskite oxide 
(LSCF).   
 
As explained by Yang and Lin (2005), there are three phases, single phase of 
perovskite, two-phase mixture of perovskite and brownmillerite, and single 
phase of brownmillerite. Due to the decrease of oxygen non-stoichiometry 
which results from the increase of oxygen partial pressure, sample goes 
through a phase change from the brownmillerite to perovskite structure as 





















Figure 2.3 Phase diagram of La0.1Sr0.9Co0.9Fe0.1O3-δ (taken from Yang and Lin         
(2005)). 
 
 Generally, the brownmillerite structure exists over a narrow range of 3-δ and 
the mixture of two phase structure is preferred at low temperature and low 
oxygen partial pressure. The phase transformation temperature is critical. 
Above that temperature, only perovskite-structure material exists, 
independent of the oxygen partial pressure.  
 
The above description (occurrence of phase transition) was experimentally 
confirmed by performing simultaneous DSC (Differential Scanning 
Calorimetry) analysis. Figure. 2.4 shows that when sample is equilibrated 
with nitrogen, due to the large vacancy in the structure, it has a 
brownmillerite related structure, either a single phase of brownmillerite or 
two-phase mixture of perovskite and brownmillerite. When oxygen sorption 
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process was initialized by switching to an oxygen containing gas stream, the 
sample underwent a phase change and the brownmillerite structure was no 
longer stable and transformed to a disordered perovskite structure. 
 
 Yang et al. (2003) conducted studies on lanthanum substituted (cobaltite 
based) perovskites as high temperature adsorbents for air separation and 
oxygen removal utilizing oxygen deficient sites of these materials for oxygen 
sorption. They conducted some experiments by using thermo gravimetric 
analysis, and concluded that the oxygen vacancy or non-stoichiometry, δ for a 
doped perovskite type oxide (A1-xAxB1-xByO3-δ) was a function of temperature 
and oxygen partial pressure. They have also demonstrated high oxygen 
sorption at moderately high temperature with zero selectivity towards 
nitrogen. The change in the oxygen non stoichiometry was reversible. Within a 
particular range of temperature and oxygen partial pressure, the perovskite 
structure is not destroyed despite oxygen non-stoichiometry.  
 
2.6 Perovskite-Type Membrane for Air Separation 
 
Many studies have been devoted to the preparation of dense perovskite oxide 
membranes for oxygen permeation, since they are viewed as one of the 
promising materials for applications in membrane reactors (Xu and Thomson, 
1997; Zeng  and Lin, 1998; Jin et al., 2000). Various membranes with different 
materials and different composition have been studied (Chen et al., 1997; 
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Kovalevsky et al., 1998; Tsai et al., 1998; Xu and Thmoson, 1999; Kharaton et 

















Figure 2.4 DSC analysis of La0.1Sr0.9Co0.9Fe0.1O3-δ in presence of nitrogen  
       (Taken from Lin et al. (2005)). 
 
Perovskite-type mixed conducting ceramic membranes offer a very high 
oxygen permeance with infinitely large permselectivity towards oxygen. 
Because of this unique property, significant efforts have been directed towards 
the research and development of these dense ceramic membranes for high 
temperature air separation (Dyer et al., 2000). Perovskite type ceramics, 
especially lanthanum cobaltite series, have received increased attention as the 
materials for membrane separation and membrane reactor applications and 
the oxygen permeation properties of these ceramic membranes have been 
systematically investigated by many groups (Van Hassel et al., 1993; Liu et 
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al., 1996; Zeng and Lin 1998). La-Sr-Co-Fe series are considered as oxygen 
permeable membranes (Kruidhof et al., 1993; Lin et al., 1994; Qiu et al., 1995). 
Among the oxides of this series, SrCo0.8Fe0.2O3-δ is one of the highest oxygen 
permeable materials (Teroka et al., 1985; Lee et al., 1997).  
 
All the above studies have reported structural and mechanical stability of 
perovskite membranes (in lab-scale) in oxidizing as well as in reducing 
atmospheres at high temperatures. The oxygen flux has been found to 
increase with the increase of substitution of Sr2+ for La3+ and Co+3 for Fe3+, but 
some amount of Fe is necessary to preserve perovskite structure at higher Sr 
contents (Teroka et al., 1988). It was shown that the rate of oxygen 
permeation depended on the membrane thickness and the permeability 
increased with temperature and oxygen partial pressure gradient. The nature 
of the cations in A and B sites and the extent of their substitution were critical 
factors in oxygen permeability and structural stability. Partial substitution of 
A site by another ion having lower oxidation state may induce important 
changes in stability and may favorably influence the oxygen permeation 
through the lattice as well (Tsai et al., 1998).  
 
Perovskite type membranes are relatively simple to synthesize because of the 
flexibility of their structure and availability of diverse chemistry (Pena and 
Fierro, 2001). As known to us, the oxygen permeation through the perovskites 
membrane is divided into the following steps: 
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(1) The adsorption of oxygen on the membrane surface under a high oxygen 
partial pressure on the membrane surface and the decomposition of O2 
to O-.         
(2) The transfer of O- towards another surface of the membrane under the 
influence of the gradient of the oxygen partial pressure across the 
membrane. 
 
(3) The formation of oxygen molecule by the combination of two oxygen ions 
at the membrane surface under a low oxygen atmosphere and the 
desorption of oxygen into the bulk phase. 
 
A schematic of oxygen transport across a dense polymeric membrane is shown 
in Figure 2.5.  In this figure the high pressure and low pressure zones are to 
the left and right side of the membrane, respectively. Difference in the partial 
pressure of the oxygen between the two sides is the driving force for oxygen 
transportation through the membrane. 
 
At interface 1, the following reaction occurs:  
 
                                   ••• +⇔+Ο hOV xoo 22
1
2                                             (2.1)  
 
  
 In the above reaction, the Kroger-Vink notation is used, where  is the 






oxygen, and  is the electron hole. High temperature provides the energy for 
increased motion of ions. At interface 1, oxygen molecule in gas phase is 
adsorbed on the membrane surface at high pressure and combined with 













          
 Figure 2.5 Schematic diagram of oxygen transport across a dense perovskite                  
membrane (Taken from Lin et al., 1994). 
 
 
Due to the requirement of electronic charge neutrality, electron holes are also 
created. At interface 2 the following reaction occurs:  
 
                                          ••• +⇔+ oxo VOhO 22
12                                        (2.2) 
 
The lattice oxygen produced at interface 1 transport through the membrane 
due to its concentration difference across the membrane. At the interface 2, 
P (O2)-Low P (O2)-High 
Flux 
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lattice oxygen, on acquiring two electron holes, becomes the molecular oxygen 
and releases one oxygen vacancy. Therefore, the conclusion that can be drawn 
from above two equations is oxygen is transported through the membrane 
from the high oxygen pressure side to low the pressure side.  
 
2.7 Sorption Properties in Perovskite-Type Oxides 
 
In the perovskite-type oxides (ABO3), the B site cation is surrounded 
octahedrally by oxygen, and the A site cation is located in the cavity made by 
these octahedral sites. In this perovskite type oxide system, substitution by 
other metal ions in A and/ or B sites creates lattice defects in crystal structure. 
Doped perovskites adsorb or desorb a large amount of oxygen. The nature and 
reactivity of adsorbed oxygen molecule may be greatly different from the 
oxygen molecules that are weakly bonded to metal cations and the normal 
lattice oxygen molecules.  
 
Tejuca et al. (2005) have discussed the oxygen sorptive properties of the 
compounds in relation with the defect structure and the role of absorbed 
oxygen. As mentioned in the literature, the defect structure may be the reason 
for adsorption or desorption of large amount of oxygen when cooling in 
presence of oxygen or heating in vacuo (Nakamura et al., 1981). Yang and Lin 
(2003a) compared the sorption capacities of LSCF series with a conventional 
adsorbent (zeolite Li-X). The results from this comparative study, reproduced 
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in Figure 2.6, shows that LSCF-2 sorbent gave a relatively large sorption 
capacity for oxygen but zero sorption for nitrogen, thus giving an infinitely 
large selectivity for oxygen over nitrogen. Figure 2.7 gives a comparison of 
qs/qg (qs is the oxygen concentration in the solid phase and qg  is that in the gas 
phase) for LSCF and zeolite Li-X sorbents. Throughout the pressure range, 
LSCF exhibits a higher (1 order of magnitude or higher) oxygen partition in 
the solid phase than zeolite Li-X which suggests that this new type of sorbent 
offers better sorption equilibrium properties.  
 
Teroka et al. (1988) reported that the perovskite-type oxides which contain Sr 
at A-site and Co and/or Fe at B site have significant amounts of oxide ion 
vacancies in the crystal lattice in the high temperature range above 500 oC 
and when they are cooled in O2 containing atmosphere, a significant amount 
of excess oxygen is adsorbed to be accommodated in the oxide ion vacancies.  
 
Kusaba et al. (2002) used strontium cobaltite perovskites with different kinds 
and amounts of metals at A and B sites i.e., La0.2Sr0.8CoO3-δ, 
Sr0.9Ca0.1Co0.9Fe0.1O2.5+δ and SrCoO3-δ. From XRD results they found that the 
La0.2Sr0.8CoO3-δ showed perovskite structure and the remaining samples 
showed Brownmillerite-type and 2H-BaNiO3 type structures, respectively. The 
sorption or desorption of oxygen are expressed nominally by a redox change of 











Figure 2.6 Comparison of sorption capacities of two type of sorbents in air 









Figure 2.7 Comparison of qs/qg values of LSCF-2 and zeolite Li-X sorbents  
                   used for air separation (Taken from Yang et al., 2002). 
 
The brownmillerite structure (represented as ABO2.5) can not accommodate 
excess oxygen because the oxide ion vacancies are ordered and the oxygen 
content remains to close to 2.5 or the metal at the B site remains trivalent. 
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This stability is responsible for the absence of oxygen-sorptive properties for 
this type of oxide. In 2H-BaNiO3 structure, the oxide ion vacancies are 
ordered, but the ordering is not stabilized as firmly as in brownmillerite-type 
structure and excess oxygen can be adsorbed into the lattice, because of 
changes in lattice constants. For example, the oxide with (SrCoO3-d)             
2H-BaNiO3 type structure, is seen to allow desorption of oxygen over a wide 
range of temperatures above 100 oC on heating, but can not recover the 
original state upon cooling to initial temperature. It can thus be concluded 
that, these type oxides are active for sorption-desorption process but the 
uptake rate of oxygen is smaller than the perovskite type oxides (Teroka et al 
1988; Kusaba et al 2002b). 
 
Kusaba et al. (2002) also studied mass changes due to oxygen desorption 
during heating from 200 to 500 oC and the reversibility of the oxygen uptake 
during cooling from 500 to 200 oC  by changing the composition at A and B 
sites. Apparently, the desorption and sorption of oxygen were irreversible for 
the samples other than perovskite-type oxides.  
 
The sample with single-phase perovskite-type oxide showed oxygen desorption 
and sorption reversibly. Figure 2.8 shows that the oxide with perovskite type 
structure could adsorb or desorb oxygen in the temperature range above 300 









Figure 2.8 Thermogravimetric curves on heating and cooling for         
La0.2Sr0.8CoO3-δ (Taken from Yang et al., 2003). 
 
From all the above explanations, it is thus concluded that the perovskite type 
oxides with multivalent B-site cations as well as disordered oxide-ion 
vacancies are well suited as oxygen sorptive materials for oxygen enrichment. 
Among the tested oxides, fully substituted at A site, SrCo0.4Fe0.6O3-δ  showed 
the largest amount of oxygen sorption and desorption and it was also observed 
that further substitution of  A or B site with other elements results in a 
decrease in the amount of desorbed oxygen.  
 
Tejuca et al. (1998) reported on the thermal behavior and nature of absorbed 
oxygen by using temperature programmed desorption technique (TPD) and 
thermogravimetric analysis by using Sr substituted LaCoO3 oxide. TPD 
chromatograms of oxygen were characterized by the appearance of two 
desorption peaks, α and β. They found that oxygen was adsorbed by cooling 
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the samples from 1073 K to room temperature in oxygen atmosphere and the 
amounts of both α and β oxygen increased with an increase in Sr substitution.  
 
Teroka et al. (1988) used LaCoO3 and LaFeO3 in their investigation and came 
to similar conclusion like in previous studies that A site substitution increased 
α desorption. After α desorption, Co ions took essentially normal oxidation 
states, namely trivalent, with the disappearance of the tetravalent state, 
which means that, at this stage, the electric charges resulting from Sr 
substitution were compensated solely by the formation of oxygen vacancies as 
α oxygen, resulting in the formation of Co4+ ions or positive holes. On the 
otherhand, β desorption was accompanied by the partial reduction of trivalent 
Co ions to divalent. Yang and Lin (2003b) used the above explanation to 
account for the different pattern of the temperature dependency of oxygen 
sorption capacity for two temperature ranges. 
 
2.8 Effect of Temperature on Sorption Capacity 
 
The sorption capacity is related to the change in the oxygen 
nonstoichiometries of perovskite sorbents between the state at which it is in 
equilibrium with the feed gas for sorption and the state at which is in 
equilibrium with the inert gas (nitrogen or helium).  
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For oxygen sorption on the perovskite type ceramics, at equilibrium oxygen 
nonstoichiometry, δ, in ABO3-δ, is dependent on oxygen partial pressure and 
temperature, i.e., δ=f (PO2, T) (Yang et al., 2002). Non stoichiometry of various 
perovskite samples have been studied in different conditions i.e., temperature 
range, partial pressure of oxygen and perovskite composition (Mizusaki et al., 
1984; Beyerlein et al., 1985; Mizusaki et al., 1985; Mizusaki et al., 1989; 
Mizusaki et al., 1991). 
 
 Yang et al. (2002) obtained oxygen sorption capacities in perovskites 
La0.1Sr0.9Co0.5Fe0.5O3-δ (LSCF-1) and La0.1Sr0.9Co0.9Fe0.1O3-δ (LSCF-2) from 
thermogravimetric analysis. The same group (Yang and Lin, 2003b) conducted 
breakthrough experiments in their later studies by using the above mentioned 
samples and observed for the temperatures above 400 oC and below 250 oC, a 
decrease in the measured sorption capacity with the increase in the 
temperature. But in the latter case, they found an increase of sorption 
capacity with the increase in the temperature. From the TGA and 
breakthrough results, they found that for the temperature above 400 oC, the 
sorption capacity decreases with an increase in the temperature.  
 
The above temperature dependencies of the oxygen sorption capacity in the 
two temperature ranges can be explained from Figure 2.9. Eq 2.3 was used to 
find the sorption capacity of perovskite sample, partial pressure of oxygen of 
range 0.0001 atm- 0.209 atm (Mw. is the average molecular weight of the 
 46 
sorbent during the sorption process). It is possible for the sorption capacity to 
increase and after reaching a maximum, decrease with increasing 
temperature, as schematically shown in Figure 2.9. 
 






























Figure 2.9 Schematic illustration of the relationship between oxygen 
        nonstoichiometry and oxygen sorption capacity and their  
                  temperature dependencies.  
                  (taken from Yang and Lin, 2003a).                
 
From these results, it can be concluded that for temperatures above 400 oC, 
only perovskite adsorbents adsorb a considerable amount of oxygen. 
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Breakthrough experimental results suggest that these LSCF series samples 
exhibit good reversibility and stability for oxygen sorption and desorption and 
also exhibit potential for their usage as adsorbents in a fixed bed process for 
effective trace oxygen removal.  
 
From Yang et al. (2002, 2003) investigation, it can be concluded that the 
optimum temperature is 500 oC, because in their assessment, they found 
maximum sorption capacity in TGA analysis at 500 oC and in breakthrough 




The potential for developing perovskites as high temperature, oxygen selective 
adsorbents is evident from the literature review presented in this chapter, 
which formed the basis for the objectives of the present study stated in 
chapter 1. Studies conducted to attain the stated objectives and the results 








SYNTHESIS, PHYSICAL CHARACTERIZATION AND 
EXPERIMENTAL METHODS 
 
In this chapter, synthesis procedures of perovskite samples, characterization 
techniques used for structural confirmation, experimental procedures and 
equipment used to study the sorption properties of oxygen are explained in 
detail. 
 
3.1 Synthesis Procedure 
 
 Perovskite samples used in this investigation were synthesized by a previous 
investigator in the laboratory where the present study was undertaken by 
carbonate coprecipitation method (henceforth called carbonate process). Some 
representative perovskite compositions were also synthesized by the citrate 
process for comparison. The synthesis procedures are detailed in the following 
sections and some sample calculations are shown in Appendix 1 for 
completeness. 
 
3.1.1 Carbonate Process 
 
In the carbonate process, stoichiometric amount of metal nitrates were 
dissolved together in deionized water and aqueous solution of Na2CO3 was 
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added drop wise to the solution of metal nitrates, under constant stirring at 
room temperature, until complete precipitation of the metal carbonates was 
ensured. The precipitate was aged in the mother liquor for another 30 minutes 
under stirring condition and then allowed to settle for 1 h. The precipitate was 
then filtered, washed thoroughly with deionized water until the pH of the 
solution was between 7 and 8, and then dried at 110 oC for 12-18 h. The dried 
mass was decomposed at 500 oC for 5 h. It was then finely ground and 
pelletized under a pressure of 5-6 ton for 5-7 min. The pellets were calcined at 
925 oC for 6 h in static air. The steps involved in the carbonate process are 
summarized in the form of a flow diagram in Figure 3.1. 
 
3.1.2 Citrate Process 
 
In the citrate process, stoichiometric amount of metal nitrates were dissolved 
in deionized water and aqueous citric acid solution was added to it slowly 
under stirring. The mole ratio of total metal ions to citric acid was maintained 
at 1.0. The mixture was stirred for 8-10 h at temperature of 80 oC. It was then 
heated for 2 h at 120 oC in air, followed by decomposition of the dry mass at 
500 oC for 5 h. The remaining treatments, namely, grinding, pelletization and 
calcination were the same as those described under the carbonate process (see 
Figure 3.2). The product obtained was dried and pelletized under pressure 
using a pellet press (no external binder material was added) with 13mm 
diameter pellet die.  
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Na2CO3 solution 





(Final pH ≈ 8) 
 
Filtered and the precipitate was 
washed with deionized H2O till the pH 
of wash liquid became 7.3. 
Dried at 110 oC for 
12-18 h. 
Calcined at 500 oC for 5 h. 
Pelletized under 5-ton pressure 
and the calcined the pellet at 
925 oC for 6 h. 
Precipitate aged in 



























Figure 3.1 Steps involved in the carbonate process to prepare perovskite  












The solution was kept into the oven at 
80 oC overnight or placed in a rotary 
evaporator at 80 oC till a viscous gel was 
formed. 
The viscous gel was kept in oven at 120 


























Finally the powder was pelletized and 





Figure 3.2 Steps involved in the citrate process to prepare perovskite  






3.2 Structural Confirmation 
 
A few calcined pellets, synthesized by both the processes, were finely ground 
and subjected to XRD study to confirm perovskite structure. Grinding, 
pelletization and calcination steps were repeated until perovskites structure 
was achieved. These steps helped in physically bringing the different metal 
oxides closer to facilitate the formation of the perovskite phase. 
 
XRD analysis was carried out using a Shimadzu X-ray Diffractometer (model 
Lab-X 6000) and CuKα radiation. The crystal morphology and particle size of 
the samples were determined by Field Emission Scanning Electron 
Micrograph (FESEM) using JOEL JSM – 6700F FESEM instrument. 
 
Powder XRD of the synthesized perovskite samples, shown in Figure 3.3 
confirms that perovskite structure was achieved in all the cases. However, the 
characteristic peak intensity was rather low in case of La0.1Ba0.9Co0.5Fe0.5O3-δ 
and La0.1Ca0.9Co0.5Fe0.5O3-δ. These samples had to be calcined again to achieve 
the desired structure. High temperature calcination for a longer period 
compared to the other samples most likely led to more sintering, thus 
somewhat diminishing the peak intensity. For La0.1Sr0.8Ag0.1Co0.5Fe0.5O3-δ, an 
extra low intensity peak appeared at around 38.2 degree, which can be 
attributed to Ag2O phase (the characteristic XRD peaks of Ag2O appears at 
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32.8 and 38.2 degrees). This indicates that Ag-ion was not fully incorporated 
within A-site of the crystal lattice of perovskite, and a separate phase of Ag2O 
has been formed. Since the amount of Ag precursor used was small and the 
XRD peak of Ag2O was weak, any reliable quantitative estimation of the 
extent of Ag-ion incorporated within the perovskite lattice was not possible.  
 
 














































































































Figure 3.3 XRD patterns of perovskite samples differing in composition. 
  
The FESEM pictures showing crystal morphology of two perovskite samples 
having same composition but synthesized by two different methods are given 





BET surface area of the powdered perovskite samples were measured by 
Quantachrome Surface Area Analyser at liquid nitrogen temperature. These 
areas and some other physical properties are summarized in Table 3.1. It 
reveals that all the sorbent materials synthesized had a very low surface area 
(~2 m2g-1). Changing the synthesis procedure for example, in case of 
La0.1Sr0.9Co0.5Fe0.5O3-δ, did not change the surface area to any significant 
extent, probably due to the same calcination temperature and duration of 
calcination used in both the processes.  
 
distinct than those from the citrate method. Possible impact of this difference 
















Figure 3.4 FESEM photographs of SrCo0.5Fe0.5O3-δ synthesized by the (a)              







                   Table 3.1: Surface Area and Density of Perovskite Samples. 








La0.1Sr0.9Co0.5Fe0.5O3-δ Carbonate Perovskite 3.30 2.43 
La0.1Sr0.9Co0.5Fe0.5O3-δ       Citrate Perovskite 2.98 2.78 
La0.1Sr0.9Co0.1Fe0.9O3-δ Carbonate Perovskite 2.28 2.67 
La0.1Sr0.9Co0.9Fe0.1O3-δ Carbonate Perovskite 2.53 3.04 
La0.1Ba0.9Co0.5Fe0.5O3-δ Carbonate Perovskite 2.21 2.99 
La0.1Ca0.9Co0.5Fe0.5O3-δ Carbonate Perovskite 1.81 1.96 
La0.1Sr0.8Ag0.1Co0.5Fe0.5O3-δ Carbonate Perovskite 
+ Ag2O 
2.59 2.46 
SrCo0.5Fe0.5O3-δ Carbonate Perovskite 2.94 3.16 
 
            * Weights of various reagents used were based on the desired stoichiometric formulae. See Appendix 1  
    For sample calculation. Perovskite structure was confirmed from XRD results
3.3 Importance of Adsorption Isotherm and Uptake Measurements 
 
Adsorptive separation is achieved by one of the two mechanisms: equilibrium 
or kinetic. A majority of the processes operate through a difference in 
equilibrium and hence are equilibrium controlled (Yang and Lin, 2003a). 
Kinetic separation is achieved by virtue of the difference in diffusion rates of 
different molecules. Separation by steric hindrance is an extreme case of 
kinetic separation. In this case, only small and properly shaped molecules can 
diffuse into the adsorbent, whereas other molecules are totally excluded.  
 
Irrespective of whether the separation selectivity is equilibrium or kinetic, 
complete information on adsorption equilibrium and mass transfer resistance 
is essential for a proper evaluation of any adsorbent material for a given 
separation application. In an equilibrium controlled process, equilibrium 
isotherm of the adsorbates can also provide some indication about an effective 
sorbent regeneration method. 
 
3.4 Experimental Techniques 
 
Both static and dynamic methods are well developed for gas-solid adsorption 
equilibrium and kinetic measurements. Gravimetric and volumetric methods 
are two important examples of static method. Both methods are rather 
straightforward for single component isotherm measurement. Among the 
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dynamic methods, column breakthrough method is one of the convenient 
methods for determining adsorption equilibrium and kinetic data. The 
perovskite samples used in this study were screened for oxygen capacity and 
sorption rate based on gravimetric measurements using Thermogravimetric 
Analyzer, TGA (TA Instruments, TGA 2050). In order to verify TGA results, 
limited breakthrough measurements were carried out with the samples that 
showed best performance in the screening study. Detailed discussions on these 
methods are given in the following sections. 
 
3.4.1 Thermogravimetric Measurement  
 
TGA instruments can be divided into two general types, vertical and 
horizontal, based on balance configuration.  A vertical balance gives results 
based on coil impact, whereas a horizontal balance gives results based on 
impact of optical beam. The experimental facility used in this study, shown in 
Figure 3.5, had a vertical balance with a specimen pan hanging from the 
balance. In this apparatus, a sample of the test material is placed in an 
alumina crucible that is suspended from an analytical balance located outside 
the furnace chamber. The balance is tared with the sample crucible in place. 
The sample is then introduced in the crucible, followed by closing the furnace 
and heating according to a predetermined thermal cycle. The balance sends 
the weight signal to the computer, along with the sample temperature and the 
elapsed time, for data storage. 
 58 
3.4.1.1 Sample Preparation 
 
In preparation for capacity measurement, each synthesized sample was first 
heated externally in a furnace at 900 oC for 10 h. The sample was then 
allowed to cool down before putting on the sample pan of the TGA. The TGA 
used in this study is a common shared facility of the Department. Initial 
heating could not be carried out in situ since operating the TGA for 10 h at 












                        Figure 3.5 Thermogravimetric apparatus. 
 
3.4.1.2 Adsorbent Regeneration 
 
5-15 mg of powdered samples (mesh size <100; mesh opening 150μ m) were 
used. After placing on the TGA sample pan, the sample was heated @15 
oC/min to 800 oC in nitrogen and held at that temperature for 1 h. The weight 
 59 
after this treatment was taken as the base weight for oxygen capacity and 
sorption-desorption rate calculations. The TGA could only be operated at 
atmospheric pressure. A representative weight change plot during 



































Figure 3.6 Regeneration of a perovskite oxide sample (SrCo0.5Fe0.5O3-δ) at 800 
oC in nitrogen atmosphere. 
 
3.4.1.3 Oxygen Sorption Process 
 
Oxygen sorption-desorption study was carried out between an oxygen rich 
atmosphere (for oxygen sorption) and an inert atmosphere (oxygen desorption) 
in the temperature range 500-800 oC. Premixed oxygen-nitrogen mixtures 
with oxygen content varying from ~5 to 50% were used for oxygen sorption 
study leading to equilibrium, while nitrogen (O2 < 2 ppm, H2O < 3 ppm) was 
chosen as the inert medium to study the desorption of oxygen after having a 



















from pure N2 to O2-N2 
mixture
       from O2-N2 mixture 








Figure 3.7 Change of sample weight with time during adsorption from an           
oxygen-nitrogen mixture followed by desorption with pure 
nitrogen. The system was at atmospheric pressure. 
 
A steady gas flow rate of ~100 ml/min was maintained through the TGA 
apparatus by a mass flow meter. Following heating in nitrogen at 800 oC for 1 
h, the sample was allowed to cool down to below 300 oC and then reheated to 
the desired experimental temperature and held there for 1 hour. Nitrogen flow 
was maintained during cooling and reheating. The gas flow was then switched 
from nitrogen to the desired oxygen-nitrogen mixture, which was continued 
until equilibrium was reached. The flow was then switched back to nitrogen in 
order to subject the equilibrated sample to desorption.  The change in sample 
weight during the entire process was continuously collected and stored in a 
computer connected to the TGA. A representative weight change plot during 
an entire sorption-desorption cycle is shown in Figure 3.7. The computer 
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attached to the TGA was also used to control the heating rate and 
temperature setting.   
 
3.4.1.4 Data Processing 
 
The following equations were used for equilibrium and sorption-desorption 
rate calculations from the collected data: 
Oxygen capacity (gm/gm of perovskite) = 












                    (3.1) 
 
 
In the above equation, weight of perovskite sample at T oC and  refer to the 
weight of the sample after reaching equilibrium at the given partial pressure 
of oxygen. Similarly, weight of perovskite at 800 oC in nitrogen is the steady 




Capacity in gm/gm was converted to mol/cc by dividing by the molecular 
weight of oxygen and multiplying by the density of the respective perovskite 
samples. 
 
Normalized change of mass with time due to sorption/desorption, calculated 
from the following equation, was used to compare the adsorption and 
desorption rates:  







                           (3.2) 
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where    mt  = Wt of sample at T oC and (uptake) or pure N2 (desorption) at 
2O
P
             time t 
 
              m0   =   Wt of perovskite sample at 800 oC in pure N2 (uptake) or 




              m∞ =    Wt at equilibrium at T oC and (uptake) or pure N2  
2O
P
                    (desorption) 
 
                                                                                     
3.5 Dynamic Column Breakthrough Experiments (DCBT) 
 
 
In most of the cases, actual adsorption processes are associated with 
adsorption in a column. Adsorbent particles are packed in a column and fluid 
that contains the adsorbate(s) flows in the bed. Adsorption takes place from 
the inlet of the column and proceeds to the exit. In course of adsorption, a 
saturated zone is formed near the inlet of the column and a zone with 
increasing concentration is observed at the front part.  
 
If adsorbate concentration in the effluent stream is measured continuously, 
seepage of adsorbable components is observed when the mass transfer zone 
approaches the exit of the bed and the so-called “breakthrough” curve is 
obtained, as shown in Figure 3.8. Gas phase concentration profile along the 
column length at different times (t1, t2, t3, for example) are shown in Figure 
3.8 (a). The breakthrough curve measured at the bed exit is a collection of the 
c/co values with which the concentration front traveling along the bed length 
































Figure 3.8 Qualitative diagram of the movement of (a) adsorption front in the  
       bed (b) breakthrough of the concentration front at bed exit.                     
 
            
                                       
3.5.1 Apparatus for DCB Experiments 
 
Figure 3.9 shows a schematic diagram of the apparatus used for the DCB 
experiments. The apparatus mainly consisted of a packed column of 
adsorbent, an oxygen sensor, necessary flow controller and meter, two 













The column which was used in this analysis, as shown in Figure 3.9, was 
made of quartz glass tube in order to withstand high temperature (up to 900 
oC). This column, placed in a furnace equipped with an Eurotherm controller 
(2461) to control the experimental temperature, was connected to the 
experimental control panel with stainless steel Swagelok fittings and high 
temperature O rings. A mass flow controller (Brooks 5850E with a matching 
control device) was used to control the flow of the feed stream to the 
adsorption column. The flow controller was duly calibrated for different gases 
against a bubble meter as well as a digital flow meter (ADM 1000). A multi-
port switching valve was used to switch between carrier nitrogen and various 
mixtures of oxygen in nitrogen. A pressure transducer (WIKA, 0-50 psi) was 
installed at the column inlet to monitor the feed pressure. A similar pressure 
transducer was also placed at the column exit to assess the pressure drop 
across the adsorption bed. A flow meter (Brooks 5860i) was installed at the 
exit of the column to monitor the change in flow due to adsorption or 
desorption. Oxygen fraction in the exit gas was measured using an oxygen 
analyzer (SERVOMAX 572).  
 
There was a mechanical back-pressure regulator (Go Inc., 0-50 psi) at the 
column outlet to regulate the column pressure. Like the flow controller, all 
other measuring devices were calibrated very carefully before starting the 
breakthrough experiments. The system pressure, gas flow rate at the exit and 
oxygen fraction in the exit gas were measured and stored in a Pentium IV 
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desktop computer using a dedicated Lab View data acquisition system 
(Version 7.1). 
 
3.5.2 Packing the Quartz Column with Adsorbent 
 
As shown in Figure 3.10 (a), the length of the expanded part of the column 
was 10 cm. Out of this 10 cm length, the first 2.5 cm length of the expanded 
part was filled with quartz glass wool before filling with known amount of 
adsorbent. After filling with a sample (~5 cm), the rest of the expanded part 
was also filled with glass wool. Glass wool packing at the two ends prevented 
any loss of adsorbent due to gas flow. 
 
3.5.3 Experimental Procedure 
 
The sample preparation procedure adopted in thermogravimetric 
measurements (section 3.4) was strictly followed in the packed column study. 
The sorption run was initiated by switching from nitrogen flow to the oxygen-
nitrogen mixture flow containing known amount of oxygen. Once the oxygen 
breakthrough was complete, indicated by exit oxygen concentration reaching 
the level in the feed, the gas flow was switched back to nitrogen and in most 
cases desorption of oxygen was monitored until there was apparently no more 
oxygen in the exit gas. In order to find the effect of concentration at a given 
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operating temperature, oxygen fraction in the feed mixture with nitrogen 
varied over a range of 5% to 50%. 
 
3.5.4 Blank Correction 
 
Since the breakthrough response measured in the experimental setup 
described earlier included response from system dead volume as well, it was 
extremely important to ensure that the overall response was corrected for the 
response from the dead volume in order to get the true response of the column 
packed with adsorbent.  
 
In order to study the detector response, the oxygen analyzer inlet was 
connected directly to the mass flow controller. Step changes were introduced 
at the inlet from either pure nitrogen to oxygen-nitrogen mixture or vice 
versa. Representative responses for step change from pure nitrogen to known 
oxygen fractions in the feed at different flow rates are shown in Figure 3.11. 
The reverse step changes (i.e., from oxygen-nitrogen mixture to pure nitrogen) 
produced mirror images of the responses shown. It is clear that in the 
operating range of the present study, the oxygen analyzer response was 
significantly affected by the flow rate. However, it is also clear from Figure 
3.11 that at a given flow rate, the detector response was independent of 















                        
                             
Adsorbent packed 





MPF:  Multi Port Valve 
MFC:  Mass Flow Controller 
PT:  Pressure Transducer 
PG:  Pressure Gauge  
BPR:  Backpressure Regulator 
OA:  Oxygen Analyzer 






































                                      Figure3.9 Schematic diagram of DCBT apparatus.    
 




35 cm Packed length: 
5 cm 




















           Figure 3.10 (a) Various dimensions of the custom-made quartz tube. 
   (b):Perovskite-packed column with glass wool at the two 
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Figure 3.11 Detector responses for step change from pure nitrogen to oxygen- 
           nitrogen mixture containing different oxygen fractions in the feed  
           at feed flow rates of (a) 37.6 ml/min and (b) 106 ml/min. 
 
The next step was to access the delay and spread in the overall breakthrough 
response contributed by the system dead volume, including the detector. This 
is called blank response in the text and figures. For this purpose, the 
adsorption column (shown in Figure 3.10) was replaced with a straight quartz 
tube of same length but having a uniform inner diameter of 0.3 cm.  
 
Step changes in oxygen concentrations similar to those described above in 
relation to the detector response study were introduced and the corresponding 
responses were recorded. Some representative results are shown in Figure 
3.12 which, as expected were independent of oxygen fraction in the feed. A 
step change from oxygen-nitrogen mixture to pure nitrogen produced mirror 
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images of the responses shown. The furnace was maintained at 500 oC during 











Figure 3.12 Responses from system dead volume (blank response) for step 
change from pure nitrogen to oxygen-nitrogen mixtures 
containing different oxygen fractions in the feed at feed flow rates 
of (a) at 37.6 ml/min and (b) 106 ml/min. The furnace was 
maintained at 500 oC.  
 
 
A set of (uncorrected) experimental break through curves conducted at 500 oC 
for oxygen fraction in oxygen-nitrogen feed mixture varying from 5 to 50% and 
a feed flow rate of 37.6 ml/min is compared with detector and blank responses 
measured at the same conditions in Figure 3.13 (a). A similar comparison at a 
higher flow rate is shown in Figure 3.13 (b). It is important to note that all the 
responses were practically parallel to each other, which means that they all 
had the same spread. The implication is that the spread of these responses 
was entirely controlled by the detector response.  
 
(a) 
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The blank response only added to the delay due to the fittings and tubings 
between the flow controller and the detector. Further delay in the 
experimental breakthrough response was due to the oxygen capacity in the 
perovskite adsorbent. The fact that the experimental breakthrough response 
did not add any noticeable additional spread further implies that the mass 
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Figure 3.13 Experimental breakthrough curves measured at 500 oC and feed  
           flow rates of (a) 37.6 ml/min and (b) 106 ml/min are compared  
          with the detector and blank responses measured at the same  
          conditions. 
 
 
Correction for the system dead volume in case of oxygen equilibrium capacity 
is the value obtained by deducting the corresponding mean residence time of 
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the blank response from the mean residence time of the combined 
breakthrough curve. However, to correct the experimental breakthrough 
profiles for spread of the mass transfer zone, which contains kinetic 
information, the proper procedure is to correct the combined experimental 
breakthrough response point by point with respect to the blank response for 
both adsorption and desorption runs, which is demonstrated in Figure 3.14 for 
adsorption and in Figure 3.15 for desorption. For example, for a certain value 
of C/Co (where C and Co are the exit and inlet concentrations of oxygen), if the 
corresponding time for combined breakthrough is tt and that for blank run is 































Figure 3.14 Procedure for correcting a combined experimental breakthrough  







3.5.5 Analysis of Breakthrough Experimental Results 
 
The single component adsorption equilibrium isotherms can be obtained by 



































Figure 3.15 Procedure for correcting a combined experimental breakthrough  
          response (desorption) to obtain the true breakthrough response. 
 
 
From a breakthrough curve, the mean residence time of the adsorption or 
desorption process is calculated which is related to the equilibrium adsorption 
capacity by the mass balance equation as shown below:     
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In the above equation, F represents volumetric flow rate at atmospheric 
pressure, Pa, and laboratory temperature, Tref. Other subscripts refer to inlet, 
outlet and (uniform) column conditions.  Constant inlet molar flow is assumed 
here. Since a flow controller was used, constant inlet flow rate is indeed a 
valid assumption. Typical experimental inlet and exit pressure vs. time 










Figure 3.16 Typical pressure-time history at inlet and exit of the adsorber 
          during (a) adsorption and (b) desorption runs. 
 
After some variation in the early part, the pressures at inlet and exit settled to 
some constant values. It is not difficult to include the time dependence of inlet 
and exit pressures in the mass balance equations. It should, however, be noted 
that the expressions on the right hand side of equations (3.1) and (3.2) will not 
be affected even if the inlet and exit pressures are made time dependent. The 
exit flow rate changes during breakthrough experiments due to adsorption (or 
(a) (b) 


















































desorption) of the adsorbate. Malek and Farooq, (1996, 1997) have suggested 
approximate ways of accounting for this change in exit flow rate without 
actually measuring it. In the present study, the exit flow rate was measured 
and included in the mass balance for greater accuracy. Exit flow rates 
measured during one of the experimental adsorption/desorption runs is shown 
in Figure 3.17. As expected, a steady value equal to the inlet flow rate was 
attained once the adsorption/desorption breakthrough was complete. The 
sharp dip in the flow rate within the first few seconds in both the plots were 
due to switching of the multiport valve from nitrogen to oxygen-nitrogen 
mixture and vice versa at the inlet. 
 










































(b) (a)  
Figure 3.17 Change in exit flow rate during (a) adsorption from 50% of oxygen 
         in feed mixture and (b) desorption of the saturated bed with pure  











Moles in – Moles out                                    =          accumulation 
 
 















)()(            =      avgavgadsorber qWCV +ε              (3.3) 
 
 
In the above equation ε is bed voidage, W is weight of adsorbent and avgq  
adsorbent capacity (per unit weight of adsorbent) in equilibrium with Cavg, and 
Cavg, is the average gas phase concentration in the adsorbent column given by 
 






+=                                         (3.4) 
 
 
In equation (3.4) a linear pressure drop is assumed between adsorber inlet and 
exit. Moreover, Pin and Pout correspond to the constant parts of the pressure-
time history shown in Figure 3.16. 
 




















1      (3.5) 
 
 
The integral on the left hand side of the above equation represents the mean 
residence time of the sorbate in the system under consideration. 
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During desorption with inert (for example nitrogen in the present study), 
oxygen only exits the bed (there is no oxygen input) and the oxygen mass 
balance becomes: 
                                        out = accumulation 
 






















In the limit of negligible pressure drop, = = , and the right hand side 
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where is the length of the packed adsorbent bed,  is interstitial velocity at 
the inlet, is the feed concentration of sorbate and qo is the corresponding 
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For a dilute system, the difference between inlet and exit flow rates may be 
neglected and the mean residence time integrals simplify further to the 
following form: 

















1                            (3.9) 












)()(                              (3.10) 
 
The TGA results are presented in chapter 4 while the breakthrough results 
including a mathematical model to explain the observed behavior are 
presented in Chapter 5. 
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CHAPTER 4 
THERMOGRAVIMETRIC MEASUREMENTS: RESULTS 
AND DISCUSSION 
 
In this chapter, equilibrium capacity and sorption-desorption rates of oxygen 
measured thermogravimetrically in seven perovskite samples are presented 
and the promising candidates have been identified. 
 
4.1 Effect of Carrier Gas on Oxygen Vacancy Creation 
  
For oxygen separation/enrichment, a sorbent is subjected to a sorption-
desorption cycle between an oxygen-rich gas and an inert gas or oxygen-lean 
gas. The main function of the inert gas is to facilitate desorption of oxygen and 
create oxygen vacancies within the perovskite structure for readsorption in 
the next cycle. Yang and coworkers (2002, 2003a, 2003b) used helium to create 
oxygen non-stoichiometry and/or desorption, although from an industrial point 
of view nitrogen will be a desired carrier.  
 
Intuitively, one would expect both helium and nitrogen to be equally inert to 
the perovskite structure and not have any influence on oxygen adsorption. 
However, surprisingly, when the experiments were carried out separately 
with nitrogen and helium, the weight losses of the perovskite samples were 
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found to be more when heated in helium than when heated in nitrogen. The 
implication is helium creates more oxygen vacancies (more weight loss) than 
nitrogen (less weight loss), which is significant from the point of practical 
operation. To further verify this effect, 50% nitrogen in helium mixture was 
used as a carrier gas and for the same sample the net weight loss was found to 
be somewhere between that of pure nitrogen and pure helium. 
 
Representative weight loss results as a function of temperature for 
SrCo0.5Fe0.5O3-δ in three different gas environments are shown in Figure 4.1. 
The results were similar for other perovskite samples. To the best of our 
knowledge, this is the first time such a difference is being reported. A 
plausible but purely tentative explanation is presented below. 
 
In their study of NO adsorption at high temperature over LaFeO3 perovskite, 
Tejuca et al. (1985, 1993) reported that in the IR spectra of the gaseous phase 
in contact with the sample between 298 and 573K exhibited some weak bands 
of N2O at 2235 and 2210 cm-1, which became intense at 673-773K. The 
formation of N2O was related to the dissociative adsorption of NO along with 
molecular NO on the perovskite sample, interacting with both cations and 
anions on the surface of LaFeO3. The intensification of N2O peak at higher 
temperature suggests that dissociation of NO into nitrogen and oxygen takes 
place and further interaction of nitrogen with oxygen (coming either from 
dissociated NO or surface oxygen of the perovskite) starts at lower 
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temperature and is more favoured as the temperature is increased. Most of 
our samples have common A- and B-site cations with that used by Tejuca and 
coworkers. This observation opens up the possibility of interaction of 
molecular nitrogen with surface oxygen species at higher temperatures, and 
sorption of some nitrogen with lattice oxygen, resulting in less weight loss 
when nitrogen is used for flushing sorbed gas compared to that in case of 
















































Figure 4.1 Thermogravimetric response of SrCo0.5Fe0.5O3-δ showing the 
difference of heating in helium and nitrogen on oxygen vacancy 
creation. 
 
This unexpected observation that helium produces more weight loss (more 
vacancies) than nitrogen is very significant, since the use of nitrogen as 
carrier is, from a practical point of view, more meaningful. Hence, in the 
subsequent studies, nitrogen was used as the carrier and sample weight in 
nitrogen at 800 oC was used as the reference for reporting oxygen capacity. 
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4.2 Reversibility of Oxygen Capacity 
 
 
TGA responses for SrCo0.5Fe0.5O3-δ subjected alternately to a 50:50 oxygen-
nitrogen mixture and pure nitrogen at 500 oC and 1 atm pressure are shown 
in Figure 4.2. After the first cycle, the sample weight changed between 
practically fixed upper and lower limits suggesting that the oxygen capacity 
was fairly reversible and there was no sign of sample deterioration with 
repeated cycling between oxygen and inert atmospheres. Of course, desorption 
of oxygen was comparatively slower than the uptake of oxygen and this will be 











Figure 4.2 Thermogravimetric response of SrCo0.5Fe0.5O3-δ on cycling 
             between pure nitrogen and 50% oxygen at 500 0C at 1 atm. 
 
 
4.3 Effect of Synthesis Method on Sorption-Desorption 
 
In Chapter 3, carbonate and citrate methods of perovskite synthesis were 
discussed. Equilibrium capacity and sorption-desorption rates of oxygen in 
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samples of SrCo0.5Fe0.5O3-δ synthesized by the two methods are compared in 
Figure 4.3. Temperature and duration of the calcination steps were the same 
in the two methods. It appears that, although oxygen capacities in the two 
samples were comparable, the sample synthesized by the carbonate method 
had significantly faster desorption rate. The fused appearance of the crystals 
from the citrate method seen in the SEM picture in Figure 3.4 may have 
contributed to the slower desorption.   
 
The improvement in desorption rate noted above prompted us to use the 
samples from the carbonate method for the rest of the study. 
 
4.4 Effect of A- and B-site Substitution 
4.4.1 Equilibrium Capacity 
 
Substitution of a trivalent A site by lower valent cations viz. divalent rare 
earth ions or  monovalent  ions  create more  sorption  capacity  because  the  
electrical charges resulting from lower valent substitution are compensated by 
oxygen vacancy formation. For a composition of La1-xA′xBO3, increasing x will 
increase the amount of oxygen vacancy. Thus a high value of x is desirable (x 
= 0.9 or higher). However, for a Sr substituted lanthanum cobaltites, a very 
high value of x may destabilize the perovskite structure, because reoxidation 
of the desorbed sample becomes slower with increasing x (Nakamura et al. 
1981). Generally, the charge imbalance which is created in the La-Co based 
perovskites due to A-site substitution by lower valent cations is compensated 
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by transformation of trivalent Co3+ to Co4+. But when they are subjected to 
heating, Co4+ to Co3+ transformation occurs below 700 oC with subsequent 
oxygen desorption or α - desorption, while above 750 oC a further 
transformation of Co3+ to Co2+ occurs accompanied by β-desorption (Teraoka et 
al. 1984). To get a stable structure at high temperature and yet maintain 
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(b) (a)  
 
Figure 4.3 Comparison of (a) oxygen uptake (open symbols) and desorption 
     (closed symbols) and (b) oxygen capacity at 500 oC in SrCo0.5Fe0.5O3-δ  
prepared by carbonate and citrate methods. 21% oxygen in nitrogen 
was used for uptake while pure nitrogen was used for desorption. 
 
 
Some researchers have suggested partial substitution of Co (B-site) by Fe-ions 
in order to facilitate structural stability under harsh operating conditions 
(Yang et al. 2002) and the extent of B-site substitution can affect the 
equilibrium as well as kinetics of the sorption-desorption process. For a fixed x 
value, and for a fixed B-site composition, the selection of A′, having same 
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valency but different ionic radius and physicochemical property, may also 
affect the oxygen sorption-desorption property. 
 
To study the effect of A and B-site substitution on the sorption capacity and 
kinetics of the process, equilibrium and sorption-desorption experiments, 
described in Chapter 3, were carried out in the temperature range 500 – 800 
oC for oxygen fraction varying from 4.8 - 50% in its mixture with nitrogen. The 
perovskite samples varied in their A-site substituent (La0.1Sr0.9Co0.5Fe0.5O3-δ, 
La0.1Ba0.9Co0.5Fe0.5O3-δ, La0.1Ca0.9Co0.5Fe0.5O3-δ), extent of A-site substitution by 
Sr2+ (La0.1Sr0.9Co0.5Fe0.5O3-δ, SrCo0.5Fe0.5O3-δ), and extent of B-site substitution 
by Fe-ions (La0.1Sr0.9Co0.1Fe0.9O3-δ, La0.1Sr0.9Co0.5Fe0.5O3-δ, 
La0.1Sr0.9Co0.9Fe0.1O3-δ). The effect of incorporating Ag-ion in the A-site was 
also studied, since the incorporation of Ag has been reported to increase its 
catalytic activity for oxidation reaction (Choudhary et al. 2002). Ag is also 
known to enhance the surface exchange rate of certain Sr-Co-Fe perovskite 
membrane leading to higher oxygen permeation fluxes across the membrane 
(Tan et al. 2004). The possibility of a faster sorption-desorption therefore was 
the motivation for studying Ag-substitution. 
 
For a fixed extent of substitution, representative results showing the effect of 
different A-site substituent on sorption capacity are shown in Figure 4.4. It 
should be noted that results from repeat runs are also included in this figure, 
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which confirm that the reported capacities were reproducible. The result 
shows that sorption capacity is in the order of La0.1Sr0.9Co0.5Fe0.5O3-δ > 
La0.1Ba0.9Co0.5Fe0.5O3-δ > La0.1Ca0.9Co0.5Fe0.5O3-δ. It has already been mentioned 
in Chapter 2 that to achieve perovskite structure from the latter two 
compositions, calcination step of the pelletized material had to be repeated. 
This led to sintering and probably ordering of oxygen vacancy to some extent, 
thus reducing oxygen capacity. Generally high temperature desorption of 
oxygen (or β-peak) is more specifically related to the B-site substitution, 
though it is also affected by A-site substitution (Pena and Fierro, 1981). The 
low value for Ca-substituted perovskite may be related to the smaller ionic 
radius (1.08 nm) of Ca2+, its higher electropositivity and higher Ca-O 
interaction which results in low desorption of oxygen from crystal lattice. 
Substitution of La3+ by Ba2+ yields lower sorption capacity than Sr2+. Hence, 
Sr2+ was chosen from among Sr2+, Ca2+ and Ba2+ as a suitable A-site 
substituent. 
 
The complete substitution of La3+ by Sr2+ was also carried out (SrCo0.5Fe0.5O3-
δ). Though it did not increase the sorption capacity as compared to La0.1Sr0.9 
Co0.5Fe0.5O3-δ, but it led to improved sorption-desorption behaviour, which will 
be discussed latter. Introduction of Ag+ in A-site by substituting Sr2+ in 
La0.1Sr0.9 Co0.5Fe0.5O3-δ  did not seem to have any impact on the sorption 
capacity over La0.1Sr0.9 Co0.5Fe0.5O3-δ, which is not surprising. It should be 
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noted that expectation from Ag-substitution was an increase in sorption-
desorption rate, which will be discussed in the next section. 
 
Three perovskite samples having the general formula La0.1Sr0.9CoyFe1-yO3-δ 
were synthesized by substituting Co-ion in the B-site with Fe-ion where the y 
values were 0.1, 0.5 and 0.9. From the results presented in Figure 4.4 it is 
clear that oxygen capacity increased with increasing substitution of Co by Fe. 
In the temperature range covered in this study, oxygen capacity decreased 
with increasing temperature and the capacity was highest at 500 oC (See 
Figure 4.5, for example). Of course, the extent of decrease with increasing 
temperature varied from sample to sample. Representative results are shown 
in Figures 4.5 and 4.6.  
 
There are two perovskite compositions, La0.1Sr0.9Co0.5Fe0.5O3-δ and 
La0.1Sr0.9Co0.9Fe0.1O3-δ, in the present study that are common with the 
compositions studied by Lin et al. (2003). The reported oxygen sorption 
capacities in these two samples are compared with those obtained in the 
present study at two temperatures in Figure 4.7. 
 
It is important to note that while the samples in the present study were 
prepared by the carbonate method, Lin et al. (2003) used the citrate method of 
perovskite synthesis in their study. However, La0.1Sr0.9Co0.5Fe0.5O3-δ sample 
from the present study gave somewhat higher oxygen capacity, whereas the 
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capacity was lower for La0.1Sr0.9Co0.9Fe0.1O3-δ. Since the trends are opposite at 
different compositions, that precludes the possibility of the difference being 
due to different synthesis methods. 
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Figure 4.4 Comparison of sorption equilibrium isotherms of different 
perovskite samples at 500 oC. Results from repeat runs are also 
included, which show good reproducibility of equilibrium data. 
 
 
4.4.2 Sorption-Desorption Kinetics 
 
In view of the very low oxygen vacancy created by Ba and Ca substitution, 
these two samples were not considered for the investigation of sorption-










































Figure 4.5 Effect of temperature on oxygen sorption capacity from air in  
       La0.1Sr0.8Ag0.1Co0.5Fe0.5O3-δ perovskite sample at atmospheric  
       pressure. 
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Figure 4.6 Effect of temperature on sorption equilibrium capacity of oxygen 
       on (a) La0.1Sr0.8Ag0.1Co0.5Fe0.5O3-δ and (b) La0.1Sr0.9Co0.1Fe0.9O3-δ  
 perovskite samples. 
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For the remaining five perovskite samples (SrCo0.5Fe0.5O3-δ, 
La0.1Sr0.8Ag0.1Co0.5Fe0.5O3-δ, La0.1Sr0.9Co0.1Fe0.9O3-δ, La0.1Sr0.9Co0.5Fe0.5O3-δ, and  
La0.1Sr0.9Co0.9Fe0.1O3-δ), the sorption-desorption measurements were repeated 
many times to ensure that only the reproducible results are presented.  
Representative repeat runs are shown in Figure 4.8, which shows that degree 
of reproducibility achieved in the sorption-desorption measurements was 
indeed satisfactory. 
 
The kinetic responses at 500 oC for three different oxygen fractions are shown 
in Figure 4.9 and the important trends are discussed in the following 
paragraphs. 
 
Except in La0.1Sr0.9Co0.9Fe0.1O3-δ, oxygen uptake was over 95% complete in less 
than 100s (in all the remaining four samples) at 500 oC for all the three 
concentration levels studied. Uptake of oxygen in La0.1Sr0.9Co0.9Fe0.1O3-δ was 
marginally slower reaching about 90% in 100 s.  
 
Since the uptake was very fast, it may appear that oxygen concentration did 
not have any further effect on adsorption kinetics. However, a close look at the 
uptake profile of La0.1Sr0.9Co0.9Fe0.1O3-δ, which was the slowest in the lot, 
would reveal that adsorption kinetics indeed became faster as the oxygen 
fraction was increased from 5 to 50%. The effect was just opposite in case of 
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desorption, decreasing with increasing oxygen fraction in the gas with which 
the sample was equilibrated prior to switching to pure nitrogen. Their 





































































































































































Figure 4.7 Comparison of oxygen equilibrium capacities in 
La0.1Sr0.9Co0.5Fe0.5O3-δ and La0.1Sr0.9Co0.9Fe0.1O3-δ perovskite samples 




Generally, oxygen sorption on perovskite is preceded by a somewhat slower, 
activated adsorption kinetics involving the formation of O2- species from 
molecular O2 (Pena and Fierro, 1981). It has been reported that the presence 
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of Ag+ in optimum amount either in the A-site or in a dissolved state within 
the perovskite matrix or both considerably increase this surface exchange rate 
of oxygen between the bulk and the crystal surface. The presence of small 
amount of Ag+ also does not significantly alter the phase stability of the 
perovskite (Tan et al. 2004).  As expected, incorporation of Ag+ had enhanced 
the desorption to some extent. Most noticeable however was the effect of 
complete La-substitution by Sr, which significantly enhanced the desorption 
kinetics, although at the expense of reduced equilibrium.  
 
It was shown in Figure 4.4 that oxygen capacity increased with increasing 
substitution of Co with Fe. To the contrary, there was a general decline in 
desorption kinetics with increasing Fe, which got worse with increasing 
partial pressure of oxygen at which the sample was equilibrated before 
desorbing in nitrogen.  
 
Considering both uptake and desorption, the performance of  SrCo0.5Fe0.5O3-δ 
was the best followed by La0.1Sr0.8Ag0.1Co0.5Fe0.5O3-δ. A close simultaneous look 
at the isotherms and desorption plots seem to suggest a correspondence 
between the two. For example, oxygen isotherm on SrCo0.5Fe0.5O3-δ has a 
modest curvature compared to the nearly rectangular isotherms in the Fe rich 
samples, which is consistent with the faster desorption kinetics in the former. 
Effect of temperature on sorption-desorption kinetics at three levels of oxygen 
partial pressure are compared for the two better performing samples and a 
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third sample with poor desorption kinetics, specially at high partial pressure 
of oxygen, in Figure 4.10. 
 


























Figure 4.8 Repeat runs of oxygen uptake (open symbols) from air and 
desorption (closed symbols) with pure nitrogen after equilibrating 
with air in SrCo0.5Fe0.5O3-δ at 500 oC. 
 
 
There was generally a decrease in sorption rate and an increase in the 
desorption rate with an increase in temperature. Decrease in sorption rate 
with increasing temperature is a clear indication that the process was not 
diffusion controlled. A likely explanation is that oxygen sorption-desorption in 
the perovskite samples was equilibrium controlled and the equilibrium shifted 
to the left with increasing temperature. 
 
Concentration dependence of oxygen uptake and desorption at different 
temperatures in the better performing samples are shown in Figure 4.11, 
which suggest similar trends as discussed earlier in relation to Figure 4.9.  
The effect of concentration was not very pronounced for either uptake or 
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desorption, except at 800 oC. At 800 oC, uptake for the 5% case was very slow 
but became very fast at 21 and 50%.  Lack of significant sensitivity of the 
desorption responses on oxygen concentration is another proof that the process 
was not diffusion controlled. Dynamic column breakthrough experiments and 




















Figure 4.9 Kinetics of oxygen uptake (open symbols) in different perovskite 
samples at 500 oC and 1 atm pressure from an oxygen-nitrogen mixture 
containing (a) 5%, (b) 21%, and (c) 50% oxygen. Corresponding closed symbols 





































































 SrCo0.5Fe0.5O3-δ                   
 La0.1Sr0.8Ag0.1Co0.5Fe0.5O3-δ 
 La0.1Sr0.9Co0.1Fe0.9O3-δ         
 La0.1Sr0.9Co0.5Fe0.5O3-δ         













Figure 4.10 Effect of temperature on oxygen uptake (open symbols) for  oxygen feed concentrations ranging from  
5 to 50% in (a) SrCo0.5Fe0.5O3-δ (b)La0.1Sr0.8Ag0.1Co0.5Fe0.5O3-δ and (c) La0.1Sr0.9Co0.1Fe0.9O3-δ perovskite 
samples. Corresponding closed symbols are the desorption run under pure nitrogen following completion 
of the uptake.
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Figure 4.11 Concentration dependence of oxygen uptake (open symbols) and 
desorption in (a) SrCo0.5Fe0.5O3-δ and (b) La0.1Sr0.8Ag0.1Co0.5Fe0.1O3-δ 
at three different temperatures. Oxygen concentrations in the 
uptake runs and the operating temperatures are given in the 
figures. The closed symbols represent the desorption runs in pure 
nitrogen after the uptake run reached equilibrium. 
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CHAPTER 5 
DYNAMIC COLUMN BREAKTHROUGH STUDY:  RESULTS 
AND DISCUSSION 
 
In the previous chapter, thermogravimetrically measured equilibrium capacity 
and sorption-desorption behaviour of oxygen in several perovskite samples 
were presented.  In this chapter, similar results from Dynamic Column 
Breakthrough (DCB) measurements for SrCo0.5Fe0.5O3-δ and 
La0.1Sr0.8Ag0.1Fe0.5O3-δ, which are considered as the promising samples among 
the seven perovskite samples studied, are presented and compared for 
consistency. Henceforth, these two samples will be called P-1 and P-2 
respectively, for easy reference. 
 
5.1 Equilibrium Oxygen Capacity  
 
The oxygen sorption capacity was calculated from the breakthrough curves by 
using Eq 3.6. The individual runs are detailed in Table 5.1 and the results 
from repeat runs are also included in the table which show good 
reproducibility. Oxygen equilibrium capacities in samples P-1 and P-2, 
measured by the DCB method, are compared with those obtained from the 
TGA method in Figure 5.1. The results are excellent agreement in case of 
sample P-2. In case of sample P-1, while the TGA data are in very good 
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agreement with the DCB data at low concentration of oxygen, there is some 
deviation at higher oxygen concentration. It is important to note that ~5-10 
mg of sample was used in the TGA measurements in contrast to ~5 g sample 
used in DCB measurements. If the sample was not completely homogeneous, 
this difference in sample size may be responsible for the minor deviation at 









Figure 5.1 Comparison of oxygen sorption equilibrium isotherms on (a) P-1 
and (b) P-2 at 500 0C obtained from TGA and DCB methods of 
measurements. The open symbols represent repeat DCB runs. 
 
 
5.2 Breakthrough Response 
 
 
Starting from a bed purged with nitrogen, breakthrough of oxygen in fixed 
beds packed with samples P-1 and P-2 for different oxygen concentrations in 
the feed are shown in Figure 5.2. The breakthrough curves were very sharp 
and as expected, the mean residence time decreased with increasing 
concentration (see equation 3.5). For the same bed length, bed voidage and 
(a) 
0.00 0 0 0
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interstitial velocity, the mean residence time is directly related the values of 
q0/C0, which decreases with increasing concentration in case of a favourable 










       
Figure 5.2 Adsorption breakthrough of oxygen at 500 0C in beds packed with 
(a) P-1 and (b) P-2. 
 
 
The desorption breakthrough curves obtained by purging a bed with nitrogen 
after saturation with oxygen-nitrogen mixture containing varying amounts of 
oxygen are shown in Figure 5.3. Compared to sharp adsorption breakthrough 
curves, the desorption breakthrough curves were highly asymmetric having 
long tails. Generally, there are three different kinds of sorption isotherms: 
favourable, linear, and unfavourable. For the linear sorption isotherm case, 
sorption and desorption breakthrough curves become mirror images (Ruthven 
et al. 1994). These perovskite samples exhibit favourable oxygen sorption 
isotherms, as shown in Figure 5.1. For this type of system, the concentration 
(a) 
































front approaches a constant pattern form in the sorption process while 
desorption curves tend to approach a proportionate pattern behavior. 
 
Thermogravimetrically measured oxygen uptake and desorption in several 
perovskite samples presented in section 4.4.2 seemed to suggest an 
equilibrium controlled process.  Very sharp sorption breakthrough response 
and strong asymmetry of the desorption profile obtained in DCB 
measurements are consistent with the expectation of an equilibrium 














































    Figure 5.3 Desorption breakthrough of oxygen at 500 0C in beds packed  
            with (a) P-1 and (b) P-2. 
 
Equilibrium capacity measurement from the DCB method is expected to be 
independent of the feed flow rate. Oxygen breakthrough in P-2 at two different 
flow rates, while keeping other conditions constant, are shown in Figure 5.4. 
There was practically a parallel shift in the breakthrough profile when the 
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flow rate was increased. When plotted on a dimensionless time axis (Figure 
5.4 (b)), the breakthrough profiles were superimposed on each other, which is 
a visual proof that the capacities from the two runs were the same. It further 









  Figure 5.4 Comparison of sorption breakthrough curves at two different flow 
rates of (a) in real time scale (b) in dimensionless time scale. For 
other experimental conditions see runs 7-a and 8-a in Table 5.2 
  
Although the TGA results (see Figure 4.2) showed reversibility of oxygen 
adsorption, the desorption breakthrough did not always give the same 
capacities obtained in the corresponding adsorption runs. Since the desorption 
process was slow with a long tail due to highly nonlinear isotherm, it meant 
that the desorption step had to be continued for a very long time to ensure 
complete desorption. For most of the desorption runs with sample P-1, and a 
few selected runs with sample P-2, the bed was desorbed with nitrogen up to 4 
h until the detector output would show zero oxygen concentration. Even then 
(a) 
































the oxygen capacities calculated from the desorption runs (Eq.3.8) were 
somewhat lower than the corresponding adsorption runs, as may be seen from 




























































Figure 5.5 Exit concentration of oxygen during thermal regeneration under 
nitrogen flow following complete desorption with nitrogen at   500 
0C. The temperature was ramped @ 10 0C /min from 500 to 800 0C. 
Bed initially saturated with (a) 5% oxygen in feed; (b) 50% of 
oxygen in feed. 
 
 
In a few cases, following desorption with nitrogen at 500 0C for 4 h, the bed 
was heated to 800 0C @ 10 0C/min and the temperature was maintained at 
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that level along with the nitrogen flow while still monitoring the oxygen 
concentration in the exit gas. From the results shown in Figure 5.5, it is clear 
that some amount of oxygen eluted from the bed during this heating step, 
which may account for the observed difference in the equilibrium capacities 
calculated from the adsorption and desorption runs. 
 
 
It is entirely possible that this amount of oxygen could be desorbed even at 
500 0C if the nitrogen flow were continued longer, although at a concentration 
level that was beyond the detection limit of the oxygen analyzer. Hence, the 
above experiment cannot confirm that the small amount desorbed during the 
heating step was actually irreversibly held to the perovskite at 500 0C. 
 
5.3 Modelling of Equilibrium Isotherms 
 
 
The Langmuir model is widely used to represent adsorption equilibrium data 
to fit for highly favourable isotherms due to its mathematical simplicity and 
thermodynamic reliability. The Langmuir model assumes: 
1. The adsorbed molecular or atom is held at definite, localized sites. 
2. Each site can accommodate one molecular or atom. 
3. The energy of adsorption is constant over all sites, and there is no 





































The Langmuir isotherm model, is derived based on the concept of dynamic 
equilibrium between the rates of adsorption and desorption, is given by the 
following equation and was fitted to the experimental data: 





( )exp 2theoq q−∑  and s
(b) (a) 
     (5.1) 
 
 was minimized to obtain the best-fit values of b q . The fitted 
isotherms are shown in Figure 5.6 and the extracted parameters are given in 
Table 5.2. Sum of the square of the residuals were 0.0059 (Figure 5.6 (a)) and 










Figure 5.6 Langmuir fit of the experimental oxygen equilibrium data in 
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                                       ® Repeat run; NOTE: Other operating conditions are given in Table 5.2. 
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.                                  
                              Table 5.1 Continued 
























    







































































































































































5.4 Modelling of Breakthrough Response 
 
 
A modelling study of the breakthrough response was necessary in order to 
confirm if the process was indeed equilibrium controlled. The following 
assumptions were made in order to simulate oxygen adsorption and 
desorption in a perovskite bed:  
 
1. One adsorbable component in an inert carrier. 
2. Velocity changes due to adsorption/desorption. 
3. Ideal gas applies. 
4. Isothermal. In the experiments, the furnace was maintained at 
constant temperature. 
5. Constant pressure, i.e., frictional pressure drop was neglected. This 
was a reasonable assumption since pressure drop was ~ 0.1 bar 
according to the experimental results shown in Figure 3.16 
6. Equilibrium data represented by a Langmuir isotherm. 
7. Linear driving force (LDF) model for mass transfer. A high value of the 








Subject to these assumptions, the following equations were obtained: 
Component mass balance 
( )
( )
( ) ( )
,



















∂∂ ∂ ∂− ε− + + + =∂ ∂ ε ∂∂
∂∂ ∂ ∂− ε= − −∂ ∂ ε ∂∂
∂ ∂∂ ∂− ε− − −∂ ∂ ε∂ t∂
m7D 0 5vd 0 7D
       (5.2) 
   
In the above equation,D 0. . .L m p= + ≈ , since the particle size, dp, 
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∂ =∂         (5.3b) 
 
Continuity condition 
( ) ( )A Bc c C f z f t+ = ≠ ≠         (5.4) 
 




































v v= + =                     (5.6) 
 
Mass transfer rate 
( )*A A Aq k q qt∂ = −∂                       (5.7) 
 
)( AA cfq =∗ according to the Langmuir model given by Eq (5.1) 
 
5.4.1 Dimensionless Equations 
 
Following dimensionless variables and groups were introduced: 
 









x X v Y
c L v q
qD1 1 kL
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Pe v L c v
= = = = τ =




The equations and the boundary conditions took the following form: 
 
Component balance and boundary conditions: 
 





∂ ∂∂ ∂= − − −ψ∂τ ∂ ∂ ∂τ∂
AY∂   (5.8) 
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X = − = += +
∂ = − −∂ )     (5.9) 
 
A X 0







∂ =∂        (5.10) 
 




     
Ao Av c Y
X C
∂ ∂⎛ ⎞= −ψ⎜ ⎟∂ ⎝ ⎠ ∂τ      (5.11) 
 
1        (5.12) 
X 0
v = + =
 
Substituting (5.10) in (5.8), the overall mass balance took the following form: 
 





∂ ⎛ ⎞∂ ∂ ⎛ ⎞= − + ψ −⎜ ⎟⎜ ⎟∂τ ∂ ∂τ∂ ⎝ ⎠⎝ ⎠
AY∂   (5.8a) 
 
Mass transfer rate 
 
( *A A AY )Y Yt∂ = γ −∂       (5.12) 
 











 (adsorption), 1 (desorption)




=     (5.13) 
 
5.4.2 Input Parameters 
 
 
The model inputs were mole fraction of oxygen in feed in the adsorption step 
( A X 0x = − ),  bed length (L, cm), inlet velocity (vo, cm/s), bed voidage (ε), operating 
(absolute) pressure (atm), temperature (K), Langmuir constant (bA, cc/mol), 
saturation capacity (qs, mol/cc), molecular  diffusivity  of  oxygen  in nitrogen 
(Dm, cm2/s), and LDF constant (k, s-1). 
 
5.4.3 Numerical Solution 
 
 
Finite difference method was chosen for solving the system of coupled Partial 
Differential Equations (PDEs) constituting the model in order to better handle 
the very sharp concentration front during adsorption. The following 
approximations were used to provide algebraic approximations to the 
derivatives in space. 
 
(a) Forward difference for inlet boundary condition 
(b) Backward difference for exit boundary condition 
(c) Backward difference for overall mass balance  
(d) Central difference for component mass balance 
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The following system of coupled Ordinary Differential Equations (ODEs) was 
obtained: 
 
( ) ( ) ( )( )







x 2 x 1
















( ) ( )
( ) ( ),
A A
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x N x N 1
0
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j = 1 to N 
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or v j v j 1 h j
d
=
− − = ψ τ




( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )( ) ( )A A A A AA AA2x j 1 2x j x j 1 x j 1 x j 1dx dY1j v j x j 1 jd Pe 2h dh
+ − + − + − −= − + ψτ τ−
 
j = 2 to (N-1) 
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Finite difference approximation converted the system of partial differential 
equations to [(N) + (N-2)] Ordinary ODEs in the time domain, which were 
integrated using a standard package for integrating system of ordinary 
differential equations (FORSIM, 1976). 
 
Effect of N on adsorption breakthrough for a representative set of operating 
and equilibrium parameters, and k=1 (s-1) are shown in Figure 5.7. A high k 
value was chosen since the challenge was to accurately capture a 
breakthrough curve in the equilibrium limit. It is clear that there was no 
further appreciable change in the solution when N was increased from 100 to 
200. Hence, N= 100 was used in all the simulations. 
 
Effect of LDF constant, k, on the solution of the model equation for adsorption 
and desorption breakthrough is shown in Figure 5.8 for a representative set of 
operating and equilibrium parameters. The purpose of this investigation was 
to determine how large value of k was necessary to approximate the 
equilibrium limit. 
 
It is evident that the adsorption breakthrough is more sensitive to the k value 
and the k value only affects the early part of the desorption breakthrough. The 
latter is consistent with the known fact that for the favourable system, 
desorption is predominantly equilibrium controlled. It is clear from Figure 5.8 
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that there is negligible effect on the model solution for k values ≥ 0.5. Hence, 






















 Figure 5.7 Effect of number of finite difference points (N) on the                    
breakthrough curve response. Equilibrium data used was for P-



















































Figure 5.8 Effect of LDF constant on the model solution for (a) adsorption                    
and (b) desorption breakthrough profiles. Equilibrium data used 




The choice of k=1 (s-1) to represent equilibrium limit also follows from scaling 
analysis. According to its equilibrium value ‘γ ’ is much greater than one, say 
around 100, which requires that the values of k should of the order 1. 
 
5.4.4 Model Prediction 
 
The model predictions are compared with representative sorption and 
desorption breakthrough runs in Figures 5.9 and 5.10. A large value (1 s-1) 
was assigned for k in order to approximate the equilibrium limit. The choice of 
value of k value for approximating equilibrium has been discussed in previous 
section. Since for a highly favourable isotherm the desorption is equilibrium 
controlled for the most part, the difference between experimental data and 
model prediction seems to suggest that the equilibrium isotherm is not 
adequately represented by the Langmuir model in the early part where there 
is not sufficient data. More equilibrium data in the very low concentration 
range and accurate fit of the chosen isotherm model in that range is likely to 
improve the discrepancy between low concentration desorption data and 
model prediction. However, the model developed together with equilibrium 
assumption based on a Langmuir isotherm provides a good starting point for 




      Table 5.2;Operating conditions and equilibrium parameters of P-1 and  





Bed length (L) 
 
4.9 cm (P-1) 
















0.67 bar   (P-1) 
0.87  bar   (P-2) 
 
Molecular diffusivity of O2 in N2, 





Langmuir constant for oxygen , bA 
 
1829379.773 cc/mol (P-1) 
 2297226.5514 cc/mol (P-2) 
 
 
Saturation constant, qs 
 
0.001948 mol/cc (P-1) 




3.16 gm/cc (P-1) 





























































































Figure 5.9 Comparison of experimental and simulated adsorption and        
desorption breakthrough responses for oxygen in P-1 at 500 oC        



















































































Figure 5.10 Comparison of experimental and simulated adsorption and 
desorption breakthrough responses for oxygen in P-2 at 500 oC 




CONCLUSIONS & RECOMMENDATIONS 
 
The study encompassed the synthesis and physical characterization of 
perovskite type oxides with various compositions, measurement of adsorption 
equilibrium and kinetic measurements, and systematic modeling to explain 




Some very recent literature have reported the feasibility of using perovskite-
based sorbents as the high temperature highly oxygen selective sorbents. 
Despite showing high potential, little has been studied on equilibrium and 
kinetic aspects which can significantly affect the sorption process. The fact 
that the perovskite structure can accommodate almost 90% of the metal ions 
in the periodic table makes the proper selection/optimization of the material 
composition very difficult. Moreover, the method of synthesis and various 
synthesis parameters make the effort more complex. In this study, 
equilibrium and kinetics of oxygen sorption in seven perovskite compositions 
have been explored. These seven compositions are lanthanum cobaltite 
structures with substitutions in A- and B-sites. The samples were prepared in 
a previous study in this laboratory. 
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 The following conclusions can be drawn from this study: 
 
1) The study reveals that when helium is used to generate oxygen vacancy 
instead of nitrogen, the former results in a greater weight loss than the latter. 
To the best of our knowledge, this observation, which is important for the 
appropriate choice of carrier in equilibrium and kinetic studies, has not been 
reported in any other study. 
 
2) In this study, perovskite samples of general formula La0.1A0.9CoyFe1-yO3-δ 
(where A = Ca, Sr, Ba; y = 0.1, 0.5, 0.9) were studied for oxygen uptake from 
oxygen-nitrogen mixture (oxygen fraction varied from ~ 5 mol% to 50 mol%) 
and desorption to pure nitrogen.  The temperature range covered was 500 – 
800 oC. The operating pressure in TGA was atmospheric while the pressure 
was ~ 2 atm (absolute) in the breakthrough study. 
 
3) For a particular perovskites composition (La0.1Sr0.9Co0.5Fe0.5O3-δ), the 
change in synthesis process from citrate process to carbonate process did not 
significantly affect the equilibrium capacity for oxygen uptake, but desorption 
kinetics became faster. Among the different divalent A-site substituents, Sr2+ 
produced the best results, the sorption capacity being in the order Sr2+ > Ba2+ 
> Ca2+ temperature range covered. Introduction of small amount of Ag giving 
the composition La0.1Sr0.8 Ag0.1Co0.5Fe0.5O3-δ improved the desorption kinetics 
of over the base composition La0.1Sr0.9Co0.5Fe0.5O3-δ. The complete substitution 
of La3+ by Sr2+ decreased the sorption capacity but the sorption-desorption 
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kinetics became remarkably faster. For a fixed A-site substitution of La3+ by 
Sr2+ (90%), the increasing substitution of Co-ion (B-site) by Fe-ion 
monotonically increased the oxygen sorption capacity, but adversely affected 
the desorption kinetics.  
 
4) Considering both uptake and desorption, the performance of SrCo0.5Fe0.5O3-δ 
was the best followed by La0.1Sr0.8Ag0.1Co0.5Fe0.5O3-δ.  
 
5);Equilibrium oxygen capacity in P-1 (SrCo0.5Fe0.5O3-δ) and P-2 
(La0.1Sr0.8Ag0.1Co0.5Fe0.5O3-δ) was verified with breakthrough results and fitted 
to Langmuir isotherm. A dispersed plug flow, LDF model that allowed for 
isotherm nonlinearity and change in velocity due to uptake/desorption was 
developed and solved numerically by finite difference method. The simulation 
model with equilibrium assumption based on a Langmuir isotherm provided 
reasonable explanation of the experimental breakthrough results. It, 











Based on the experimental and theoretical studies carried out in this work, 
following recommendations are suggested for future study: 
  
1) In this study it was that found fully Sr substituted sample gave better 
desorption behavior compared to other samples. It may be worthwhile to 
vary Co and Fe in fully Sr substituted samples. 
 
 
2) Since the amount of sample used in the DCB method is larger than in 
gravimetric study, the results obtained from the former method are more 
representative. It is desirable that DCB measurements are carried out in 
future over a wider range. More data points should be collected in the low 
concentration regime to accurately capture the isotherm curvature. 
 
3) Both DCB apparatus and the simulation model can be extended to study 
separation process like PSA (Pressure Swing Adsorption) or TSA 
(Temperature Swing Adsorption). Considering the breakthrough curves 
obtained in this study, it will be interesting to see if the short listed 
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 Sample Calculation Related to Synthesis. 
 
 
 (a) Preparation of   La0.1Sr0.9Fe0.5Co0.5O3-δ  by Carbonate Process 
 
Calculation 
Approximate amount to be prepared = 12 g 
Lanthanum acetate hydrate [316.05 g]   La [138.9055 g] 
Strontium nitrate             [211.6298 g]   Sr [87.62 g] 
Cobalt nitrate hexahydrate [291.04 g]   Co [58.933 g] 
Iron (III) nitrate nonahydrate [404.00 g]   Fe [55.847 g] 
 
y. [0.1x138.9055 + 0.9x87.62 + 0.5x58.933 + 0.5x55.847 + 3x15.9994] = 12 g 
or, y. [197.59675] = 12 
or, y = 0.06 
 
0.06x0.1 = 0.006 mole La ≡ 0.8334 g La ≡ 1.8962 g Lanthanum acetate hydrate  
0.06x0.9 = 0.054 mole Sr ≡ 4.73148 g Sr ≡ 11.428 g Strontium nitrate  
0.06x0.5 = 0.030 mole Co ≡ 1.76799 g Co ≡ 8.7312 g Cobalt nitrate 
hexahydrate  
0.06x0.5 = 0.030 mole Fe ≡ 1.67541 g Fe ≡ 12.12 g Iron (III) nitrate 
nonahydrate 
 
2 mole La = 3 mole CO32-  [La   ⇒ La2 (CO3)3]  
                         1 mole Sr = 1 mole CO32-    [Sr   ⇒    SrCO3] 
                         1 mole Co = 1 mole CO32-   [Co  ⇒          CoCO3]  
2 mole Fe = 3 mole CO32- [Fe  ⇒ Fe2(CO3)3] 
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Lanthanum acetate hydrate   : 1.8966 g dissolved in 50 ml deionized water  
Strontium nitrate         : 11.4231 g dissolved in 30 ml deionized water 
Cobalt nitrate hexahydrate     : 8.7303 g dissolved in 30 ml deionized water 
Iron (III) nitrate nonahydrate : 12.1201 g dissolved in 40 ml deionized water 
Sodium carbonate                   : 16.6 g dissolved in 250 ml deionized water 
 
Initially all the solutions were prepared in separate beakers. Then they were 
mixed together. Na2CO3 of about 16.6 g was taken in a container and 250ml 
water was added to dissolve it. The sodium carbonate solution was added drop 
wise to the mixed metal solution with stirring (stirrer speed 400 revolution per 
minute). A brownish colored precipitate was formed. The sodium carbonate 
solution was added completely and the final pH of the solution was found to be 
8.0 < pH < 9.0 (with indicator paper).  The precipitate was aged in mother 
liquor for 1 h with stirring and then allowed to settle for 30 minutes. It was 
finally filtered (with the help of a vacuum pump), washed thoroughly with 
deionized water, till the pH of the wash liquid became approx. 7.0. [The color 
of the wash liquid was faintly red, indicating some dissolved Co2+, coming out 
at around neutral pH]. The precipitate was air dried and then placed in 
vacuum furnace at 100oC (30 in Hg pressure) for 5 hours, then decomposed at 
500 oC for 5 h. Then the decomposed mass was pelletized (under 








Approximate amount to be prepared = 12 g 
Lanthanum acetate hydrate [316.05 g]   La [138.9055 g] 
Strontium nitrate             [211.6298 g]   Sr [87.62 g] 
Cobalt nitrate hexahydrate [291.04 g]   Co [58.933 g] 
Iron (III) nitrate nonahydrate [404.00 g]   Fe [55.847 g] 
 
y. [0.1x138.9055 + 0.9x87.62 + 0.5x58.933 + 0.5x55.847 + 3x15.9994] = 12 g 
or, y. [197.59675] = 12 
or, y = 0.06 
 
 
0.06x0.1 = 0.006 mole La ≡ 0.8334 g La ≡ 1.8962 g Lanthanum acetate hydrate  
0.06x0.9 = 0.054 mole Sr ≡ 4.73148 g Sr ≡ 11.428 g Strontium nitrate  
0.06x0.5 = 0.030 mole Co ≡ 1.76799 g Co ≡ 8.7312 g Cobalt nitrate 
hexahydrate  
0.06x0.5 = 0.030 mole Fe ≡ 1.67541 g Fe ≡ 12.12 g Iron (III) nitrate 
nonahydrate 
 
2 mole La = 3 mole CO32-  [La   ⇒ La2 (CO3)3]   
                         1 mole Sr = 1 mole CO32-    [Sr   ⇒    SrCO3]  
                         1 mole Co = 1 mole CO32-   [Co  ⇒          CoCO3 ] 
2 mole Fe = 3 mole CO32- [Fe  ⇒ Fe2 (CO3)3 ] 
 
Lanthanum acetate hydrate   : 1.8960 g dissolved in 30 ml deionized water  
Strontium nitrate         : 11.4281 g dissolved in 20 ml deionized water 
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Cobalt nitrate hexahydrate     :  8.7332 g dissolved in 20 ml deionized water 
Iron (III) nitrate nonahydrate : 12.1216 g dissolved in 20 ml deionized water 
Citric acid hydrate                   :  25.4 g dissolved in 70 ml deionized water 
 
 [The water was warmed in some cases to solubilize the metal salts with 
minimum quantity of water].  
Initially all the solutions were prepared in separate beakers. They were then 
mixed together. Citric acid hydrate of about 25.4 g was taken in a container 
and 70 ml water was added to dissolve it. The mixed metal solution was 
poured into the citric acid solution with stirring. The solution was kept in oven 
at 80 oC for overnight (17 h). The solution turned into a red-coloured semi-
solid gel. The temperature was then increased to 120 oC and kept for 2 h. The 
mass dried completely and turned into a reddish-brown mass. Then the 
decomposed mass was pelletized (under approximately 7 ton pressure for 5-6 












Dynamic Column Breakthrough Experimental Data 
 
Table 1. DCB experimental data for P-1 at 500 oC and, 5% oxygen in feed 
    mixture. 
                                         
 








                                        
            


















            





































Table 2. DCB experimental data for P-1 at 500 oC and, 21% oxygen in feed 
    mixture. 
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Table 3. DCB experimental data for P-1 at 500 oC and, 50% oxygen in feed 
    mixture. 
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Table 4. DCB experimental data for P-2 at 500 oC and, 5% oxygen in feed 
    mixture. 
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Table 5. DCB experimental data for P-2 at 500 oC and, 21% oxygen in feed 
    mixture. 
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Table 6. DCB experimental data for P-2 at 500 oC and, 50% oxygen in feed 
    mixture. 
 
 
                               (a) Adsorption                      (b) Desorption 
         
                                                                               
             














            
Time (s)       C/C0 
4.6 0.987
5.7 0.848
6.8 0.753
8.97 0.661
13.4 0.557
21.3 0.457
34.56 0.351
50.5 0.268
83.1 0.178
88.7 0.166
98.1 0.152
119.9 0.125
131.2 0.115
152.9 0.099
183.2 0.083
228.9 0.066
348 0.043
457.5 0.032
522.9 0.028
576.3 0.025
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